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1 Indien het verzuringsvraagstuk in Europa wordt geanalyseerd met behulp van 
dynamische bodemverzuringsmodellen in plaats van met een 'critical loads'-
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ineens jaren verder weg (dit proefschrift). 
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ecosystemen is meer interdisciplinair onderzoek door multidisciplinaire 
onderzoeksgroepen noodzakelijk (dit proefschrift). 
3 Om de binnen Wageningen UR zo bepleite bèta-gamma integratie bij toegepast 
wetenschappelijk onderzoek te realiseren, zijn in beide kampen vergaande 
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geniteresseerd in verzuringsvraagstukken, zij het voor andere plaatsen en andere 
tijdschalen. 
5 Oplossingen voor ldimaatsverandering kunnen het best worden gezocht in de 
Gouden Gids in de rubriek 'Adviesbureaus klimaatbeheersing'. 
6 Iemand met een pessimistische verwachting over de zeespiegelstijging woont op 
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7 Net als voor beleggen geldt ook voor een relatie dat in het verleden behaalde 
rendementen geen garantie bieden voor de toekomst 
8 Omdat bij de teamsport Ultimate (Frisbee) tot op het niveau van 
wereldkampioenschappen wordt gespeeld zonder scheidsrechter en de volledige 
verantwoordelijkheid van het handhaven en naleven van de spelregels bij de 
spelers zelf ligt, is Ultimate de ultieme olympische teamsport en moet Ultimate 
direct worden toegevoegd aan het olympisch programma. 
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1 General Introduction 
1.1 Background 
Many human activities are real or potential dangers to the natural environment and to 
human health, because they cause the pollution of soil, water and air and a decrease in 
biodiversity. These threats to the environment are widely recognised, and environmental 
protection is an important policy issue. Therefore, it is necessary to have a thorough 
understanding of the relationships between economic activities and their impacts on the 
environment, and the environmental and economic consequences of policies to reduce 
environmental pollution. 
Acidification and tropospheric ozone1 are important transboundary environmental 
problems with many economic and environmental aspects related to their role in the 
biogeochemical cycles. The main acidifying substances are sulphur dioxide (SO2) , 
nitrogen oxides (NOx) and ammonia (NH3). The most important precursors of 
tropospheric ozone (0 3) are volatile organic compounds (VOC) and nitrogen oxides. 
Increased emissions of these substances are the result of economic activities. For 
example, agricultural activities cause ammonia emission, and energy production and 
industrial activities emit sulphur dioxide, nitrogen oxides and volatile organic 
compounds. 
Acidification was first noticed in Scandinavia in the 1960's (Oden, 1968). It was 
observed that acidifying precipitation (commonly known as 'acid rain') was acidifying 
the lakes and other ecosystems at such a rate that species died and biodiversity 
decreased. Initially, sulphur dioxide was identified as the cause of acid rain, but later it 
was found that nitrogen oxides and ammonia also contribute to the problem of 
acidification. It was also discovered that emitted acidifying substances are transported 
through the air over many hundreds of kilometres, and that acid deposition in a country 
is, to a certain extent, (depending on the location and size of the country) caused by 
emissions in other European countries (OECD, 1978). The acidification problem 
received political attention in the beginning of the 1970's, which resulted in the 
Convention on Long Rang Air Pollution in 1979 (United Nations, 1979). 
Tropospheric ozone or photochemical smog is, like acidification, an important 
transboundary air pollution problem in Europe. It was initially noticed in 1943 in Los 
Tropospheric ozone is ozone in the lowest air layer (the troposphere which extends to 
approximately 10 kilometres in height), and is sometimes referred to as ground level 
ozone or photochemical smog. In this study, the terms 'ground level ozone' or just 
'ozone' always refer to tropospheric ozone. Tropospheric ozone is not related to 
stratospheric ozone depletion. 
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Angeles, California (Davidson, 1998). European policies to reduce tropospheric ozone 
were formulated only recently (United Nations, 1991; United Nations, 1999a; United 
Nations, 1999b). Tropospheric ozone can cause negative health effects and damage to 
vegetation such as forests and crops. Tropospheric ozone is neither directly emitted by 
economic nor other anthropogenic activities, but it is formed, in a complex scheme of 
chemical reactions, from its precursors, nitrogen oxides and volatile organic compounds 
in the air under the influence of sunlight. 
1.2 Problem description 
The problems of acidification and tropospheric ozone formation are interrelated to each 
other in many ways: (i) the emitted substances are partly caused by the same economic 
activities, (ii) emission reduction of various pollutants can often be realised by the same 
policy measures, (iii) nitrogen oxides affect both acidification and tropospheric ozone, 
and (iv) both problems have impact on the same ecosystems. 
In addition, the transboundary nature of acid rain and tropospheric ozone 
necessitates international cooperation when abating emissions. The need for 
international cooperation is recognised both in the literature (e.g. OECD, 1978; Kaitala 
and Pohjola, 1988; Maler, 1989) and among European countries and policy makers (e.g. 
United Nations 1979). Many economic aspects are involved. Countries have to agree on 
emission reduction measures, taking into account that emission reduction costs, and 
environmental benefits are not equally distributed between countries. 
European countries started searching cooperatively for solutions to the acid rain 
problem in the 1970's while tropospheric ozone policies were introduced in the 1990's. 
A legal basis for international cooperation to abate long range transboundary air 
pollution was created in the framework of the United Nations Economic Commission 
for Europe (UN-ECE). UN-ECE member countries signed the Convention on Long 
Range Transboundary Air Pollution (LRTAP) in 1979 (United Nations, 1979) which 
came into force in 1983. Since then, controlling and reducing the damage from acid 
rain, tropospheric ozone and other transboundary air pollution to the environment and 
human health take place within, that UN-ECE LRTAP framework in Europe and North 
America. In the last two decades, the Convention on Long Range Transboundary Air 
Pollution has been extended by multiple protocols in which parties agree upon defined 
emission reduction targets (United Nations, 1985; United Nations, 1988; United 
Nations, 1991; United Nations, 1994; United Nations, 1999a). More recently the 
European Union has also created policies through directives concerning transboundary 
air pollution. This resulted in national emission ceilings for sulphur dioxide, nitrogen 
2 
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oxides, ammonia and volatile organic compounds for the 15 European Union countries.2 
The current scientific, as well as policy approach to combat the environmental problems 
of acidification and tropospheric ozone can in general be criticised on two issues: (i) 
policies to reduce the problem of acidification should be analysed in a dynamic 
framework, and (ii) policies to reduce the problems of acidification and tropospheric 
ozone should take into account the many interactions. I will elaborate on these two 
issues below. 
(i) Policies to reduce the problem of acidification should be analysed in a dynamic 
framework. 
Currently, critical loads are widely used to establish deposition targets both in the 
scientific literature3 as well as for formulating policy targets4. Consequently, the UN-
ECE policies are primarily based on critical loads for acidifying pollutants. A critical 
load is used as a threshold value: if acid depositions are above the critical load, harmful 
environmental effects are expected to occur; if acidifying depositions are below the 
critical load, no harmful effects are expected (Nilsson and Grennfelt, 1988). The critical 
load is a static approximation of a measure for an environmental effects oriented 
approach of the complicated dynamic processes of acidification. To support scientists 
and policy makers, detailed critical loads maps5 have been developed for Europe. These 
maps are widely used by modellers, mainly because they are relatively easy to use in 
integrated assessment models (e.g. the Regional Air pollution Deformation System, 
RAINS, model, see Alcamo et al, 1990). Policy makers also like the critical loads 
approach, because it can be used to derive easy to understand, seemingly objective 
emission reduction targets (Bull, 1995). As a result, a large part of the scientific as well 
as the policy debate since the 1980's is based on the critical loads approach. 
However, many studies6 exist that pinpoint serious limitations and drawbacks of 
the use of critical loads. The main criticism is that soil acidification is a dynamic process 
that evolves over time, up to several decades, and that soil needs many years to recover 
once it has been acidified. Therefore, acidification of soils cannot be adequately 
Castells Cabré (1999) studies international environmental agreements and gives an 
overview of the air pollution policies of the European Union in Section 2.4, related 
European Union documents are listed in Castells Cabré (1999) Annex 3. 
See, for example, Derwent (1989), Van Ierland (1989 and 1991), Alcamo et al. (1990), 
Batterman (1990), Halkos (1994), Hutton and Halkos (1995), Zylicz (1995) and 
Kruitwagen et al. (2000). 
See, for example, RAINS model calculations (Alcamo et al., 1990; Amann et a l , 1999) 
on which the various UN-ECE LRTAP protocols and European Union Directives to abate 
long range air pollution in Europe are based. 
These maps are reported in a biannual series prepared by the Coordination Centre for 
Effects, National Institute of Public Health and the Environment, Bilthoven, The 
Netherlands. See Hettelingh et al, (1994) for the first report in the series and Posch et al. 
(1999) for the most recent. 
The most important are Hettelingh and Posch (1994), De Vries (1994), Bull (1995), 
Barkman and Sverdrup (1997), Forsius et al. (1997), Skeffington (1999) and Schmieman 
and Van Ierland (1999). 
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analysed in the framework of the static critical loads concept. Other, dynamic, 
frameworks are needed to further improve insights into the questions surrounding the 
problem of acidification. 
(ii) Policies to reduce the problem of acidification and tropospheric ozone should 
take into account the many interactions. 
A better understanding of the economic consequences of the many interactions 
between the problems of acidification and tropospheric ozone can lead to improved 
reduction policies. Economic aspects of policies to reduce the acidification problem and 
to reduce tropospheric ozone formation are related in a number of ways. However, 
acidification and tropospheric ozone have been studied in isolation for a long period7. 
Only recently, have economic studies been performed that jointly analyse the problems 
of acidification and tropospheric ozone8. A further development of the knowledge and 
the analytical tools can help to improve combined reduction policies. 
Better scientific insights into the role of dynamic processes related to soil 
acidification and soil quality can improve the search for economically efficient ways to 
reduce the problems of acidification and tropospheric ozone. In addition, with such an 
approach a better understanding of the possible environmental implications can be 
obtained and more efficient abatement strategies can be developed. Because of the 
many interactions between the problems of acidification and tropospheric ozone there is 
a need for research that jointly investigates reduction strategies, and that takes into 
account these interactions. Scientific insights in the complex environmental problems of 
acidification and ozone can be improved by explicitly taking a multi-pollutant, multi-
effects approach and by integrating dynamics in soil acidification into economic 
models. 
1.3 Objectives and methodology 
This thesis contains model studies to analyse environmental economic aspects related to 
the problems of acidification and tropospheric ozone in Europe. It takes into account the 
dynamic nature of the process of soil acidification and the interactions between 
measures to reduce acidification and tropospheric ozone levels. The research can be 
considered as an interdisciplinary approach that integrates an economic analysis with 
knowledge, methods and models from the natural sciences. 
7 Studies that focus only on acidification include Batterman et al.(1988), Amann and 
Kornai (1987), Kruitwagen et al. (1994), Zylicz (1994), Kaitala et al. (1995) and Buitraw 
et al. (1998). Among research that focuses only on the economic aspects of the reduction 
of tropospheric ozone are Adams et al. (1986), Dickie and Gerking (1991), Young and 
Aidun (1993), Braden and Proost (1996), Krupnick and Farrell (1996), and Mayeres and 
Proost (1996). 
8 Studies that jointly analyse the problems of acidification and tropospheric ozone are 
Michaelis (1992), Amann et al. (1995a), Amann et al. (1999), Van Ierland and 
Schmieman (1999) and Mayerhofer et al. (2000). 
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The objective of this research is: 
To investigate economic aspects of the combined reduction of soil acidification 
and tropospheric ozone formation in the context of a dynamic analysis of 
transboundary air pollution in Europe. 
This leads to the following research questions: 
1) What are the economic aspects and policy implications of a combined analysis of 
the reduction of the problem of acidification and tropospheric ozone formation? 
2) What are the economic and policy implications of the reduction of acidification 
when incorporating the dynamic aspects of soil acidification? 
3) What are the economic aspects and policy implications of a combined reduction 
of acidification and tropospheric ozone formation, taking into account the 
dynamic processes of soil acidification? 
To answer these questions I need to develop methods and models that take into 
account the interactions between the problems of acidification and tropospheric ozone 
and the dynamic economic and soil acidification aspects. Therefore I also need to 
answer the following modelling questions: 
a) How to model the interactions between the problems of acidification and 
tropospheric ozone formation in an economic assessment of joint abatement 
strategies? 
b) How to include dynamics of soil acidification in an integrated economic 
assessment model and how to empirically apply such a model? 
c) How to include dynamics of soil acidification in an integrated economic 
assessment model that takes into account the interactions between the problems of 
acidification and tropospheric ozone formation? 
The novelty of this study is the integrated analysis of a dynamic economic model 
with a dynamic soil acidification model. The approach taken here goes beyond the often 
used critical loads concept by explicitly modelling dynamic soil acidification processes. 
It also incorporates the multi-pollutants multi-targets approach. 
The two basic tools used in this thesis are dynamic optimisation and cost-
effectiveness analysis. These are combined in dynamic optimisation models to analyse 
dynamic cost-effective abatement strategies. However, I start, in Chapter 3, with a static 
optimisation model to illustrate some of the economic implications of the interactions 
between the problems of acidification and tropospheric ozone on reduction strategies. 
Dynamic optimisation9 is a tool to study multi-period problems and is used in 
Chapters 4 through 8. The dynamic factors related to the reduction of the problem of 
Dynamic optimisation theory is described in many books. In my opinion Leonard and 
Van Long (1992) wrote an excellent book that focuses on applications in the field of 




acidification are driven by economic aspects and aspects related to the process of soil 
acidification. To start with the latter, acidification of soils can be considered as a 
process that behaves like a stock pollutant that builds up or breaks down in different 
time periods. Important economic reasons to incorporate dynamics include: (i) the 
timing of emission reduction influences abatement costs and technological development 
(which is captured in shifts in the abatement cost curves) and economic growth, (ii) 
postponement of emission reductions may be efficient if the marginal productivity of 
capital is positive, in which case future burdens are relatively cheaper because fewer 
current resources are set aside for future reduction, (iii) the abatement costs are expected 
to decline over time (Wigley et al., 1996), (iv) earlier emission reductions, however, 
may be efficient if they stimulate learning (Grilbler and Messner, 1998), (v) emission 
reduction can prevent irreversible damage to ecosystems and related economic costs, 
and (vi) the discount rate. 
In a dynamic optimisation, emission reduction time paths can be determined that 
take into account the relevant factors of the economic decision problem as well as the 
factors related to the process of soil acidification. Later in the thesis, in Chapters 7 and 
8, the problems of acidification and tropospheric ozone are jointly studied in a stock-
flow model, in which acidification is treated as a stock pollutant and ozone as a flow 
pollutant. 
From a theoretical point of view, cost benefit analysis is a useful tool to determine 
the optimal level of emission reduction. If all costs and benefits are known, it is possible 
to determine the economic optimum. At this optimum, emissions are reduced to the 
point where marginal costs of emission reduction equal marginal benefits of an 
environmental improvement. Many studies exist that value environmental damages in 
terms of money10 but it is very difficult, if not impossible, to determine the total 
monetary value of environmental improvements. Consequently, it is difficult to 
determine the emission level where marginal costs equal marginal benefits. 
Information on the costs of emission reduction is available. Therefore, the method 
of cost-effectiveness analysis can be used as an alternative for cost benefit analysis. 
Cost-effectiveness analysis is often described as using a given budget in the most 
effective way. In this thesis cost-effectiveness is used as cost-minimisation of reaching 
predefined environmental targets. 
In all model studies, in the different chapters, I assume that countries are 
searching in full cooperation for the most cost effective solution to reach pre-defined 
environmental targets. The full cooperative solution between countries results in the 
Examples are Maler (1971), Brown and Smith (1984), Dixon et al. (1985), Adams and 
McCarl (1985),Van der Eerden and Tonneijck (1988), Krupnick et al. (1990), EFTEC 




economically optimal outcome11. This optimum, however, may be difficult to reach, 
because countries do not equally share the burden of pollution abatement. In addition, 
incentives for free-rider behaviour exist, because there is no supranational institution 
that can enforce international legislation. It would go beyond the scope of this study to 
formulate the dynamic model in a game theory framework, and it goes beyond the scope 
of this study to analyse the problems under different assumptions related to the 
behaviour of the countries. This choice implies that in this study all players (e.g. 
countries) try to find the abatement strategy that minimises the sum of all reduction 
costs in all countries given pre-defined environmental targets. It also means that 
countries settle the optimal reduction strategy in binding agreements. In this context, 
unequal distribution of abatement costs and environmental benefits can be settled with 
side-payments. 
The model studies perform both scenario analysis and optimisation calculations. 
In scenario analysis implications are calculated for aspects of interest (e.g. cost of 
emission reduction or environmental impacts) given likely future developments in 
economic growth, agricultural live stock, energy demand, the energy structure and the 
fuel mix, and the implementation of reduction measures. Dynamic optimisation 
calculations identify the optimal allocation of resources given a set of environmental 
targets. Basically, the optimisation approach takes into account that some emission 
sources in some countries have more influence on sensitive receptors than others (the 
emission level and the magnitude of the coefficients in the atmospheric source-receptor 
matrices are important). The optimisation also captures the fact that emission sources in 
one country are cheaper to control than in another according to the national emission 
abatement cost curves. Finally, it takes into account the discount rate. Based on this, the 
optimisation procedure finds the cost-effective emission reduction time paths to reach 
the environmental standards. 
A European setting has been chosen because of its international and its spatial 
dimensions, the different air pollutants that are involved, and the existing European 
policies12 to control transboundary air pollution to reduce damage to the environment 
and human health. 
A part of the environmental economics literature on transboundary air pollution studies 
the problems related to the behaviour of countries in a game theoretical framework. An 
overview of the developments in this field is given by Missfeldt (1998). Some other 
important studies are: Kaitala and Pohjola (1988), Maler (1989) and Maler and De Zeeuw 
(1998). 
These policies are realised within the framework of the United Nations-Economic 
Commission of Europe Long-Range Transboundary Air Pollution Convention (UN-
ECE/LRTAP Convention) that was signed in 1979 (United Nations, 1979) and in its 
extensions trough a number of protocols. 
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1.4 The outline of this thesis 
Figure 1-1 gives a schematic overview of the objects of study in the various chapters 
and the type of analysis applied. The problems of acidification and tropospheric ozone 
are studied in isolation in the columns 'acidification' and 'tropospheric ozone' and in 
connection in the column 'interactions between acidification and tropospheric ozone'. 
The rows make clear whether it is a comparative static or a dynamic study, and whether 
it is a theoretical or an empirical analysis. The combinations that are marked with (i) to 
(vi) have been analysed in the literature. Some examples of studies are referred to in the 
caption of Figure 1-1. Tropospheric ozone is not considered to be an accumulating or 
stock pollutant and a dynamic analysis is not appropriate, which is marked with (v). An 
application of a model that studies interactions between tropospheric ozone and 
acidification in a dynamic framework (vii), to my knowledge, does not exist and it will 
not be realised in this research. 
object of study 








theoretical (i) (iii) Chapter 3 
application («) (iv) (vi) 
dynamic 





Chapter 6 (v) (vii) 
Figure 1-1: A schematic overview of the contents of and the relations between the 
chapters, (i) Studied for example by Derwent (1989), Maler (1989), Batterman (1990). 
(ii) Hordijk and Kroeze (1997) report on 20 acid rain models that are used to assist 
policy makers in evaluating different abatement options, (iii) Studied for example by 
Braden and Proost (1996) and Mayeres and Proost (1996). (iv) and (vi), and also (ii) 
are covered by RAINS (Amann et ah, 1999). (v) Analysed by air chemists but not 
incorporated in economic analysis, (vii) To my knowledge no applied models exist. 
Chapter 2 gives background information on the problems of acidification and 
tropospheric ozone in Europe. It gives some facts and figures concerning the current 
state of the problems in Europe. Some important natural science aspects are explained. 
It also gives a short description of the RAINS model and the current European 
abatement policies under LRTAP. 
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General introduction 
Chapter 3 focuses on the economic aspects of the interrelations between 
acidification and tropospheric ozone reduction policies. In a comparative static 
framework the economic implications of an approach with multi-pollutants with 
multiple-effects are analysed. 
A model is developed that deals with the dynamic aspects related to the problem 
of acidification in Chapter 4. When dynamic aspects of acidification and future 
responses of ecosystems are taken into account, acidification can be treated as a stock 
pollutant. The model shows how these accumulating effects can be studied by 
incorporating dynamic aspects of soil acidification. In contrast to the often-applied 
critical loads approach, which only focuses on the final state of a soil, the dynamic 
approach applied in this chapter gives information about the temporal development of 
the quality of a soil. 
Chapter 5 extends Chapter 4 and deals with an application of an integration of a 
detailed soil acidification model with a model that describes emissions of acidifying 
pollutants, atmospheric transport and emission reduction costs. The dynamic 
optimisation model calculates cost-effective abatement strategies for the reduction of 
acidification at European scale. Policy targets are defined in terms of soil quality 
indicators such as the aluminium concentration in the soil solution. 
Chapter 6 builds on Chapters 4 and 5 and presents dynamically cost-effective 
optimisation calculations at European scale in an integrated assessment model that 
contains a detailed dynamic soil acidification module. 
Chapter 7 involves a theoretical analysis of acidification and tropospheric ozone 
in a stock-flow model, with acidification treated as a stock and tropospheric ozone as a 
flow pollutant. The economic implications of the interdependence of the problems of 
acidification and tropospheric ozone are studied in a dynamic optimisation model. 
Chapter 8 builds on the theory developed in Chapter 7. Using numerical 
simulations, the interactions between the dynamic process of soil acidification and the 
formation of tropospheric ozone are studied. A combined dynamic optimisation of 
acidification and tropospheric ozone is based on fictive data. Cost effective abatement 
strategies of a combined reduction of sulphur dioxide, nitrogen oxides, volatile organic 
compounds and, as a secondary pollutant, tropospheric ozone are determined. 




2 Acidification and Tropospheric Ozone in Europe: 
Relevant Natural Science and Policy Aspects 
2.1 Introduction 
The aim of this chapter is to provide relevant, information about acidifying pollutants 
and pollutants causing the formation of tropospheric ozone. It is not possible to give a 
complete overview of the natural science literature on the problems of acidification and 
tropospheric ozone. Instead the chapter gives information about the substances that are 
involved, the emission sources, and the environmental impacts. Key concepts, that are 
used in the remainder of this thesis, are defined and described. Throughout this thesis, I 
refer to and use data of the Regional Air pollution INformation System (RAINS) model. 
Therefore, I briefly describe the model and its structure. National emission abatement 
cost curves, that play an important role in the analysis, are described in more detail. 
Finally, a short overview is given of the emission reduction policies for European 
transboundary air pollution. 
2.2 Acidification and tropospheric ozone in Europe as an 
environmental problem 
Economic activities cause emissions of various pollutants. The energy sector and the 
industrial sector, for example, both cause emissions of SO2, NOx and VOC. In addition, 
single pollutants are related to more than one environmental problem, and an 
environmental problem is often induced by more than one pollutant. On the effects-side, 
different receptors are affected by various environmental problems. The many 
connections and interactions between emission sources, pollutants, environmental 
problems and receptors show the complexity of the problems at hand. My thesis 
concentrates on the grey shaded boxes and the interactions between them, as displayed 
in Figure 2-1, and it focuses on the problems of acidification and tropospheric ozone 
and the related pollutants. 
Ammonia emissions, which contribute to both acidification and eutrophication, 
are primarily caused by the agricultural sector (see Table 2-1). Sulphur dioxide 
emissions, which contribute to the problem of acidification, are primarily the result of 
the combustion of fossil fuels (see Table 2-1). Nitrogen oxides also cause acidification, 
with the transport sector being the most important source. Nitrogen oxides play, at the 
same time, an important role in the problem of tropospheric ozone. Volatile organic 
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compounds are the fourth important pollutant in the study. In combination with nitrogen 
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Figure 2-1: The transboundary air pollution problem. Relations between the main 
sources, emitted compounds and receptors (based on Grennfelt et al. (1993) and 
Graedel and Crutzen (1993)). This study pays special attention to the grey shaded boxes 
and their linkages. 
Sulphur dioxide emissions are often released through high stacks, therefore, they 
can be transported through the atmosphere up to thousands of kilometres away from the 
source. Sulphur dioxide are deposited from the atmosphere through dry deposition, wet 
deposition with precipitation or as sulphate particles. Depending on many factors 
including type of receptor, sunlight, and humidity, all three forms of deposition 
contribute to acidification (Alcamo et al., 1990). 
Nitrogen oxides and ammonia contribute to wet deposition of acidifying 
compounds in all of Europe. The transport sector is the most important emitter of 
nitrogen oxides. Ammonia emissions are mainly the result of agricultural activities. 
Nitrogen oxides are transported through the atmosphere over shorter distances than 
sulphur dioxide because they are usually emitted by sources low to the ground and they 
have a higher deposition rate. The bulk of ammonia emissions deposits within 100 km 
from the emission source (Alcamo et al., 1990). Nitrogen oxides and ammonia can also 
be released from the air by dry and wet deposition and as particles. 
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Table 2-1: Sources of emissions of ammonia, sulphur dioxide, nitrogen oxides and volatile 
organic compounds per economic sector in Europe in 1990 
NH-3 emissions" S 0 2 emissions 8 N O x emissions11 VOCs emissions b 
Sector kt/year % kt/year % kt/year % kt/year % 
Industrial combustion 5650 12.8 2457 13.7 157 0.9 
Production processes 7239 16.4 393 2.2 1232 7.1 
Transport 
(incl. gasoline distribution) 2946 6.7 10205 56.8 8077 46.1 
Power generation and 
district heating 28160 63.9 4527 25.2 1057 6.0 
Solvent use 4946 28.2 
Other sources 98 0.2 374 2.1 2051 11.7 
Ammonia 
Agriculture 7238 95.8 
Industry 177 2.3 
Waste treatment 63 0.8 
Other sources 81 1.1 
Total 7558 100 44093 100 17956 100 17520 100 
source: RAINS 7.2 model calculations (Amann et a l , 1997b) 
source: European Environment Agency, in Heyes et al. (1995a). 
Figure 2-2: Total European historical (1980-1996) and projected (2000-2010) 
emissions of SO2, NOx, NH3 and VOCs in millions of tonnes per year. Source: EMEP 
(2000). 
Ammonia and nitrogen oxides can cause both acidification and eutrophication. 
Eutrophication can be described as a strong enrichment of the environment by nutrients 
(mainly nitrogen and phosphorus) causing a decrease in the species diversity of flora 
and sometimes also of fauna. Examples are algae blooms in surface waters causing the 
death of many rare species. Ammonia as an acidifying pollutant is incorporated in the 
13 
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analysis in Chapters 5 and 6, but eutrophication is not dealt with in this study. The main 
reason for exclusion of eutrophication is that the dynamic soil acidification model 
applied in the Chapters 5 and 6 does not contain the eutrophication effects of nitrogen. 
In the last two decades many countries reached significant emission reduction by 
the introduction of a variety of abatement techniques. Consequently, emissions of 
sulphur dioxide, in particular, have decreased considerably since 1980 (see Figure 2-2). 
The relatively low costs of SO2 reduction and the Convention on Long-range 
Transboundary Air Pollution (LRTAP) and its extension in the protocols (see Section 
2.5) are probably the most important factors that have contributed to the emission 
reductions. 
Gothenburg Scenario 2010 
Calculations with R A I N S 
Acidification, percentage unprotected ecosystems 
0 
0 - 1 
1 - 5 
5 - 1 0 
1 0 - 2 5 
2 5 - 5 0 
5 0 - 1 0 0 
Figure 2-3: Percentage unprotected ecosystems against acidification in 2010 assuming 
full implementation of the agreed emission ceiling according to the Gothenburg 
protocol. Source Amann (2000b). 
Despite the realisation of these emission reductions and the current policy plans to 
further reduce emissions in the future, as agreed on in the Gothenburg protocol (United 
Nations, 1999b), the acidification and tropospheric ozone problem will not be solved in 
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the coming decades. Scenario calculations with the RAINS model, available on the 
World Wide Web (Amann, 2000b) illustrate this, see Figure 2-4. 
Gothenburg Scenario 2010 
Calculations with R A I N S 
Figure 2-4: Exceedance of the AOT401 mean (parts per million times hour) in 2010 
assuming full implementation of the agreed emission ceiling according to the 
Gothenburg protocol. Source Amann (2000b). 
The concept of Accumulated Ozone above Threshold (AOT) can be used as an indicator 




2.3 Acidification and tropospheric ozone: Mechanisms and key 
concepts 
2.3.1 Critical loads and dynamic soil acidification 
Acidification of soil is a natural process resulting from weak acids, humus production, 
and nitrification and accumulation of cations by vegetation. These processes are 
neutralised by weathering of minerals and immobilisation of sulphur and nitrogen. 
Anthropogenic inputs of acidifying compounds from atmospheric deposition may 
overwhelm the natural capacity of soil to neutralise acidity. Potential deleterious effects 
of anthropogenic soil acidification to forest ecosystems include nutrient deficiencies, 
imbalance of and high concentrations of aluminium and other toxic metals (Nilsson and 
Grennfelt, 1988). 
Acidification of soils is a dynamic process. However, the static critical loads 
concept, that does not fully take into account the dynamic soil acidification processes, is 
now widely used and accepted to analyse acidifying pollution in Europe. A critical load 
is defined as: 
"a quantitative estimate of an exposure to one or more pollutants below 
which significant harmful effects on specified elements of the environments 
do not occur according to the present knowledge" (Nilsson and Grennfelt, 
1988). 
A critical load can be considered as a threshold. If acid depositions are below the 
critical load no environmental damage is expected. If depositions exceed the threshold it 
is believed that the environment is negatively affected. Critical loads are also intended 
to represent an ecosystem's long term absorption capacity of acidifying pollutants. 
The UN-ECE has decided to use the critical loads concept as the basis for decision 
making. Consequently LRTAP and the extensions in the protocols (see Section 2.5) 
define environmental targets that are derived from scientific research based on critical 
loads. In addition, a large portion of the environmental economics literature dealing 
with acidification is based on the critical loads approach. Hordijk and Kroeze (1997) 
review 20 acid rain models and state that 'an increasing number of models limit their 
effect modules to the calculation of critical loads exceedance' (Hordijk and Kroeze, 
1997 page 4). Some of the reasons why the critical loads approach has been accepted so 
widely are listed here. Critical loads are considered to be an effects based approach and 
are attractive to policy makers because they provide an objective measure in policy 
formulation (Bull, 1995). Critical loads have been proven to be useful in determining 
environmental targets using complex integrated assessment model such as RAINS. 
Process oriented methods were too complex to model, and knowledge about the 
processes and availability of data bases were limited. The comparison of critical loads 
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and calculated depositions results directly in a number that represents the exceedance of 
the critical load which can be used to formulate clear policy targets. 
Despite the common use and application of the critical loads approach, a large 
number of studies2 provide many precautions and pinpoint shortcomings and drawbacks 
of using critical loads. 
A major criticism of many models that are used to derive critical loads is that they 
are equilibrium steady state models that take no account of rates of change. Thus, excess 
acid depositions may only lead to slow changes, and effects may not occur for many 
years. Or, the inverse, acid depositions below critical loads may result in recovery of 
soils only in decades from now (Bull, 1995). Hettelingh and Posch (1994) also show the 
long recovery periods of a temporal exceedance of critical loads. They conclude that "it 
is shown that it is not sufficient to restrict the evaluation of emission reductions merely 
by investigating whether the magnitude of the reduction leads to depositions which are 
lower than the critical loads". Dynamic models for soil acidification can predict rates at 
which indicators for soil quality occur, and they can be used to estimate critical loads. 
Bull (1995 p. 208) concludes that recent interest in dynamic changes has led to a 
number of initiatives to apply dynamic models on a European scale. 
2.3.2 Tropospheric ozone formation 
The formation of ozone is primarily determined by the concentrations of NO* and VOC 
in the air and by the level of solar radiation of wave length less than about 410 nano 
meters (Graedel and Crutzen, 1993). Kelly and Gunst (1990) and Heyes et al. (1995b) 
give the most important features of the formation of ozone. Other literature related to 
tropospheric ozone modelling can be found in Heyes et al. (1995b; 1996). The relation 
between the concentrations of VOC and NOx and ozone formation is shown in Figure 
2-5. The figure shows ozone isoplethes for various combinations of NOx and VOC 
concentrations in the air. A complicating factor is the non-linear relation between the 
concentration of ozone in the air and its precursors NOx and VOC. Remarkably, 
abatement of nitrogen oxides emissions can lead to an increase or a decrease in 
tropospheric ozone concentrations, depending on the NOx/VOC concentration ratio, 
which differs for various geographical locations in Europe. 
Reduction of NO x emissions may increase ozone levels, especially in the UK, 
Germany, the Netherlands, Belgium, and Luxembourg (Barrett and Berge, 1996a, p. 
135). These countries, having relatively high NOx concentrations and a relatively high 
NOx/ VOC ratio are located around point A in Figure 2-5. 
Starting from point A, VOC abatement (along the horizontal arrow) seems to be 
most effective for reducing ozone concentrations in these countries. NOx emission 
The most important are De Vries and Kros (1991), De Vries (1994), Hettelingh and Posch 
(1994), Buil (1995), Barkman and Sverdrup (1997), Forsius et al. (1997), Schmieman and 
Van Ierland (1999) and Skeffington (1999). 
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reduction, along the vertical arrow, will initially lead to higher ozone concentrations, 
and will lead to lower ozone concentrations only at very high reduction levels. If these 
countries want to avoid this temporal increase they should simultaneously reduce VOC 
and NOx emissions. Countries with relatively low NO x concentrations and a relatively 
low NOx/ VOC ratio such as Russia, the Ukraine, France, Italy and Spain (Barrett and 
Berge, 1996a) are located around point B in Figure 2-5. In these countries the reduction 
of NO x seems to be most effective for reducing ozone concentrations. Other European 
countries have NOx/ VOC ratios somewhere in-between point A and B where both NOx 
and VOC reduction are effective. 
0 500 1000 1500 2000 
Volatile organic compounds (ppb) 
Figure 2-5: The relation between VOC and NOx concentrations and tropospheric ozone 
concentration (in parts per billion (ppb)) under specified conditions in an ozone 
isopleth diagram based on Kelly and Gunst (1990, p. 2998). 
Ozone is considered to be harmful for humans, animals and vegetation. To assess 
the impacts of exposure to tropospheric ozone, both the level and the duration of the 
exposure are important. These two factors are combined in the Accumulated Above 
Threshold (AOT) statistic. We follow the assumptions and the results presented in an 
EMEP MSC-W study (Barrett and Berge, 1996a). More details can be found in 
Karenlampi and Skarby (1996). We use the AOT40 as an indicator for damage to crops 
and vegetation caused by ozone concentrations above a threshold of 40 parts per billion. 
Barrett and Berge (1996a, p. 124) emphasise that these AOT values cannot be used as a 
direct measure for damage. For our analytical purpose, we use AOT values for imposing 
restrictions on tropospheric ozone.3 
For more details or definitions and possible applications of the AOT concept see Barrett 
and Berge (1996a); in particular Part One Chapter 6 and the references therein. 
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EMEP MSC-W has developed linear source-receptor matrices for ozone 
formation, which are very similar to the source receptor relation for acidification 
(Barrett and Berge, 1996a). These matrices relate changes in VOC and NO x emissions 
in an emitting country to changes in ozone AOT values in a receiving country. 
According to EMEP MSC-W the use of source receptor matrices appears to offer the 
most promising approach to multi-pollutant, multi-targets control strategy analysis 
(Barrett and Berge, 1996a, p. 134). 
Much criticism exists on the use of linear source receptor relations for ozone and 
they may not be applicable in empirical modelling. The ozone formation module in the 
RAINS model that is currently used at IIASA contains non-linear relations including 
quadratic terms (see Heyes et al., 1997). Makowski et al. (1998) describe the 
mathematics used in the optimisation procedure and the way RAINS deals with the non-
linearities in tropospheric ozone formation. In our study the linearised source receptor 
matrices are useful from a conceptual point of view, and, for simplicity, we employ 
these linearised source receptor relations for NO x and VOC to determine AOT40 values 
for ozone in a receptor country. 
2.4 The RAINS model 
In this study I often refer to the Regional Air pollution INformation System (RAINS) 
model (Alcamo et al, 1990) developed at the International Institute for Applied Systems 
Analysis (IIASA) in Laxenburg, Austria. The models of this thesis have a similar 
structure in some aspects, and are in all cases using data from the RAINS model. Some 
basic knowledge of the structure of the RAINS model and how it can be used is helpful 
for understanding the models in this thesis. The different modules of RAINS are 
discussed below. The emission and cost module gets most attention, because the RAINS 
national abatement cost curves play an important role and are used in the different 
empirical models in this thesis. This section draws on information from IIASA (Amann, 
2000a). 
The RAINS model has been developed by IIASA as a tool that can be used to 
analyse and assess strategies to reduce acid deposition in Europe. It contains the most 
important pollutants related to acidification and eutrophication (sulphur dioxide, 
nitrogen oxides and ammonia) and tropospheric ozone (nitrogen oxides and volatile 
organic compounds). Tropospheric ozone is not included in the RAINS PC version. The 
RAINS model has been used for scenario and optimisation analysis. Optimisation 
calculations can be carried out for single pollutants, or for a combination of pollutants 
causing acidification, eutrophication or tropospheric ozone. The latter is called a multi-
pollutant multi-effect approach. In scenario analysis, the model can be used to calculate 
emissions of four pollutants (sulphur dioxide, nitrogen oxides, ammonia and volatile 
organic compounds). Using these emissions, environmental impacts can be calculated 
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with respect to acidification, eutrophication and tropospheric ozone. The model covers 
1990-2010, in 5 year increments, and consists of three different sub-modules which are 
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Figure 2-6: The RAINS model of acidification and tropospheric ozone.The modules 
related to tropospheric ozone in the lower part, are not included in a PC-version of 
RAINS. Source: Amann et al. (1997b). 
First, the emissions and cost module (EMCO) calculates emissions and emission 
reduction costs for SO2, NOx, NH3 and VOCs. Emissions are calculated based on 
exogenous inputs for economic activities, energy consumption levels, the fuel mix and 
agricultural activities. Moreover, there are no feedback mechanisms between abatement 
strategies, economic activities and the fuel mix used. Changes in economic activities or 
in the fuel characteristics, for example an increase in the use of renewable energy or 
energy conservation, can be analysed by including exogeneously determined energy 
scenarios that include these changes. 
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Table 2-2: An example of an SO 2 abatement cost curve (derived from data of The Netherlands in 2010) in tabular form, Figure 2-6 shows the same data 
graphically. All figures are per year. 
Fuel Economic sector Technology Remaining emissions Total costs Unit costs Marginal costs 
kton milo ECU ECU/ton ECU 
248.99 0.00 0.00 0.0 
No fuel use Industry process emissions Process emissions stage 1 control 200.38 17.01 350.0 350.0 
Hard coal grade 1 Power plant (power p.) new boilers Low S coal (0.6% S) 197.95 18.05 424.1 424.1 
Hard coal grade 1 Industry other combustion (comb.) Low S coal (0.6% S) 195.85 18.93 424.1 424.1 
Hard coal grade 1 Power plant, new boilers Low S coal (0.6% S) 191.33 20.85 424.1 424.1 
Heavy fuel oil Fuel comb, other than power p. Low S heavy fuel oil (0.6% S) 154.56 37.58 464.0 464.0 
No fuel use Industry process emissions Process emissions stage 2 control 135.12 48.27 407.0 549.5 
Hard coal grade 1 Power plant new boilers Power p. wet flue gas desulphurisation 116.88 58.76 543.5 575.3 
Heavy fuel oil Fuel comb, other than power plant Industry wet flue gas desulphurisation 113.85 61.30 503.5 837.0 
No fuel use Industry process emissions Process emissions stage 3 control 104.12 73.50 513.0 1255.0 
Hard coal grade 1 Power p. existing boilers dry bottorr Power p. wet flue gas desulphurisation 73.12 116.66 1188.4 1392.2 
Medium distillates Transport off road Low S gas oil stage 1 (0.2% S) 72.95 116.91 1444.0 1444.0 
Medium distillates Industry other comb. Low S gas oil stage 1 (0.2% S) 72.81 117.12 1446.2 1446.2 
Medium distillates Domestic Low S gas oil stage 1 (0.2% S) 71.63 118.82 1446.2 1446.2 
Medium distillates Transport road Low S gas oil stage 1 (0.2% S) 60.62 134.74 1446.2 1446.2 
Hard coal grade 1 Industry other comb. Industry wet flue gas desulphurisation 48.39 155.07 1370.5 1661.7 
Hard coal grade 1 Industry other comb. Limestone injection 47.55 156.66 1266.5 1899.7 
Medium distillates Domestic Low S gas oil stage 2 (0.045% S) 45.73 164.56 3201.1 4331.4 
Medium distillates Industry other comb. Low S gas oil stage 2 (0.045% S) 45.51 165.51 3201.1 4331.4 
Medium distillates Transport road Low S gas oil stage 2 (0.045% S) 31.85 224.67 3201.1 4331.4 
Medium distillates Transport off road Low S gas oil stage 2 (0.045% S) 28.41 239.56 3201.1 4331.4 
Hard coal grade 1 Power p. new boilers High efficiency flue gas desulphurisation 27.68 254.03 1134.2 19839.7 
Source: Based on RAINS 7.2 model calculations(1997). 
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Figure 2-7: An example of a piecewise linear national abatement cost curve (derived 
from data of The Netherlands in 2010). Total and marginal costs are shown. Table 2-2 
gives the corresponding tabular data. Source: based on RAINS 7.2 model 
calculations(1997b). 
The module also takes into consideration the application of emission reduction 
measures, the implications on emissions and the associated emission reduction costs. 
The module contains detailed data on application potential, options and costs of 
emission reduction techniques. These data are pollutant, economic sector and country 
specific. Important country-specific factors which impact abatement costs are, for 
example, the characteristic sulphur content of fuels (strongly related to the fuel mix), 
plant capacity utilisation regimes and boiler sizes. 
The cost curves do not provide accurate emission reduction cost estimates for 
individual sources, but should be considered as indicative cost functions that capture the 
structural differences among countries and pollutants. National cost curves show large 
differences between countries because of the country-specific factors such as the fuel 
mix and the age structure of the installations (Cofala and Syri, 1998b). Information 
about cost and emissions is used as input for the optimisation module. 
In addition, the emissions and cost module can calculate national abatement cost 
curves. In these national cost curves all available techniques are ordered according to 
their cost-effectiveness. An example of a national abatement cost function which gives 
the relation between the emission level and abatement cost is given in tabular form in 
Table 2-2 and in graphical form in Figure 2-7. The total cost curve gives total costs per 
year of achieving certain emission levels in the country under consideration. The cost 
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curves are piece-wise linear, the slopes of the pieces are determined by the costs of 
applying the corresponding techniques. The marginal cost function is a piece wise 
function that gives the marginal reduction costs as a function of the emission level 
(Cofala and Syri, 1998b). For detailed descriptions of the RAINS cost curves for 
sulphur dioxide see Cofala and Syri (1998b), for nitrogen oxides see Cofala and Syri 
(1998a), for ammonia see Klaassen (1991). The derivation of the abatement cost curves 
of volatile organic compounds is described in Klimont et al. (2000). 
Second, the deposition and critical loads assessment module (DEP) can calculate 
depositions of acidity and the formation of tropospheric ozone and it can assess the 
impacts on ecosystems using critical loads for acidity and eutrophication and critical 
levels for tropospheric ozone4. Using emissions calculated with the emissions and cost 
module, deposition is calculated by multiplying transfer matrices5 with emissions. In 
this way the effect of changes in emissions on depositions can be estimated. Another 
important feature is that the estimated depositions can be compared to the sensitivity of 
ecosystems which is formulated in critical loads for acidity or critical levels for ozone. 
By combining information related to depositions and critical loads one can construct 
target depositions. These target depositions are used in the optimisation module. The 
RAINS model contains 36 European countries and 547 land-based 150km* 150km 
EMEP grid cells, which is the polar stereographic projection as described by Posch et al. 
(1995). 
Third, the RAINS model links the deposition module with the emissions and cost 
module by the optimisation module (OPT). The optimisation module calculate, for a 
given set of regional target depositions levels the cost-minimal allocation between 
countries of measures to reduce emissions. It includes information about the costs of 
emission reduction at the sources. It also takes into account that some emission sources 
have more influence on a given area than other emission sources have. Given defined 
environmental targets (e.g. deposition targets), the optimisation module calculates the 
cost-effective allocation of emission reductions over countries in Europe. 
The RAINS model has played an important role in developing European wide 
acidification abatement policies (Tuinstra et al., 1999). 
Critical loads or levels represent the maximum long-term exposure levels which can be 
tolerated by sensitive ecosystems without damage (Nilsson and Grennfelt, 1988). 
Transfer matrices or source receptor matrices consist of coefficients that are used to 
calculate how much emission from a country is transported by air to a particular place. 
The matrices are developed by EMEP and are based on average meteorological 
conditions over an eleven years period (1986-1996). 
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2.5 Transboundary air pollution policies in Europe: The Convention 
on Long Range Transboundary Air Pollution 
A number of European countries agreed to develop a common policy to combat the 
transboundary air pollution problems at the end of the 1970's. Within the framework of 
the United Nations Economic Commission for Europe they designed The Convention 
on Long-range Transboundary Air Pollution (LRTAP) as one of the main tools for 
protecting the environment. This Convention (United Nations, 1979) was signed in 
1979 and entered into force in 1983. It has created a framework for controlling and 
reducing acidifying pollutants. Later, other transboundary air pollutants were also 
included. 
Since its entry into force, the Convention has been extended by eight protocols 
(United Nations, 2000). Five protocols are of importance in relation to acidification and 
tropospheric ozone. See Table 2-3 for the most important characteristics of these 
protocols. First steps for the reduction of sulphur were taken in the 1985 Protocol on the 
Reduction of Sulphur Emissions or their Transboundary Fluxes by at least 30 percent 
before 1993 (United Nations, 1985), which was followed by the second sulphur protocol 
on further reduction of sulphur emissions which was signed in 1994 (United Nations, 
1994). The Parties also agreed on a stabilisation of the emissions of nitrogen oxides 
(United Nations, 1988). Emission reduction of volatile organic compounds was 
arranged in 1991 (United Nations, 1991). 
Recently, a multi-pollutant protocol to abate acidification, eutrophication and 
tropospheric ozone was signed in Gothenburg Sweden (United Nations, 1999a). This 
protocol sets emission ceilings for 2010 for four pollutants based on insights from 
scientific research. Countries whose emissions have the largest environmental impacts 
and whose emission reduction is relatively cheap will have to realise the largest 
reduction. 
A good understanding of the problems and mechanisms related to the reduction of 
acidification and tropospheric ozone is a prerequisite to formulate abatement policies. 
The remainder of this thesis analyses the economic aspects related to the reduction of 
the problems of acidification and tropospheric ozone. The results and insights can be 
used to further improve transboundary air pollution policies in Europe. 
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Table 2-3: The protocols 3 to the Convention on Long-range Transboundary Air Pollution with 
the most important characteristics. 
year The protocols and their main characteristics 
1984 The 1984 Protocol on Long-term Financing of the Cooperative Programme for 
Monitoring and Evaluation of the Long-range Transmission of Air Pollutants in Europe. 
International cost-sharing of a monitoring programme of the relevant air pollutants in 
Europe including: i) collection of emission data for S 0 2 , NO x , VOCs and other air 
pollutants, ii) measurement of air and precipitation quality, iii) modelling of 
atmospheric dispersion. 
1985 The 1985 Protocol on the Reduction of Sulphur Emissions or their Transboundary Fluxes 
by at least 30 per cent. 
- Reduction of Sulphur Emissions or their Transboundary Fluxes by at least 30 percent 
relative to emission levels in 1980. 
1988 The 1988 Protocol concerning the Control of Nitrogen Oxides or their Transboundary 
Fluxes. 
Freeze emissions of nitrogen oxides or their transboundary fluxes relative to 1987, 
Parties shall (based on the best available technologies which are economically 
feasible): i) apply national emissions standards to major new stationary sources, ii) 
apply national emission standards to new mobile sources in all major source 
categories, iii) introduce pollution control measures for major existing stationary 
sources, 
As a second step parties shall cooperate in order to establish: i) critical loads, ii) 
realise emission reductions to achieve agreed objectives based on critical loads, iii) 
the application of an effects-based approach, iv) the application of the multi-
pollutant, multi-effect critical loads approach. 
1991 The 1991 Protocol concerning the Control of Emissions of Volatile Organic Compounds 
or their Transboundary Fluxes. 
30% reduction in emissions of volatile organic compounds (VOCs) by 1999 using a 
year between 1984 and 1990 as a basis. 
1994 The 1994 Protocol on Further Reduction of Sulphur Emissions. 
- An effects-based approach founded on the critical loads concept taking into account 
cost-effectiveness. 
Differentiation of emission reduction obligations of Parties. 
1999 The 1999 Protocol to Abate Acidification, Eutrophication and Ground-level Ozone 
The Protocol sets emission ceilings for 2010 for four pollutants: sulphur, NO x , VOCs 
and ammonia: i) with a multi-pollutant multi-effect approach, ii) based on cost-
effectiveness (parties whose emissions have most environmental effects and whose 
emissions are relatively cheap to reduce make the largest cut), iii) limit values for 
specific emission sources. 
" The protocol on Heavy Metals and the protocol on Persistent Organic Pollutants are not 
included because they are not relevant for this study. 




3 Cost-effectiveness and Joint Abatement Strategies 
under Multiple Pollutants and Multiple Targets: 
The Case of Tropospheric ozone and Acidification 
in Europe1 
Abstract 
This chapter illustrates that including multiple pollutants under multiple targets 
significantly affects the outcomes of air pollution research compared to a single 
pollutant single target approach. Cost effective abatement strategies are identified 
leading to a combined reduction of sulphur dioxide, nitrogen oxides, volatile organic 
compounds and, as a secondary pollutant, tropospheric ozone. Source-receptor relations 
were used in an optimisation model developed for a European transboundary context, 
focusing on a case study for Germany and The Netherlands. Options to reduce 
emissions incorporated in the model are end of pipe technologies, energy conservation 
and the use of renewable energy sources. 
Using the model, optimisation analyses are performed to analyse optimal 
strategies to realise an 80% reduction of acidifying deposition and a reduction of a 30% 
ozone level in 2010 relative to 1990. Calculations with this simplified two country 
model show that negative synergetic effects exist between abatement of acidification 
and tropospheric ozone. Moreover, in the model a reduction of acidifying deposition can 
lead to increasing ozone levels, and combined reduction will not necessarily lead to 
lower costs. These insights may suggest that together with nitrogen oxides reduction 
stringent volatile organic compounds reduction may be necessary to reduce tropospheric 
ozone concentrations. In addition, model results show that the use of renewable energy 
can be attractive if very costly end of pipe emission reduction techniques have to be 
used. 
3.1 Introduction 
In the protocols to the 1979 convention on long range transboundary air pollution 
(United Nations, 1979) on sulphur dioxide (SO2) (United Nations, 1985), nitrogen 
oxides (NOx) (United Nations, 1988), and volatile organic compounds (VOC) (United 
This chapter is a revised version of a paper that has been published as Van Ierland E. C. 
and E. C. Schmieman, Sustainability and Joint Abatement Strategies under Multiple 
Pollutants and Multiple Targets: the Case of Tropospheric Ozone and Acidification in 
Europe, in: Sustainability in Action: Regional and Sectoral Case Studies, edited by J. 
Gowdy, J . K5hn, and J. van der Straaten, Edward Elgar, Cheltenham United Kingdom, 
1999. 
We would like to thank Paul Mensink for helpful suggestions during the formulation of 
the optimisation model as used in the GAMS-MINOS software package. I also thank Aart 
de Zeeuw and Sjak Smulders for providing useful suggestions to improve the manuscript. 
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Nations, 1991), a number of European countries agreed to reduce their emissions of the 
various pollutants in the coming decades. 
Air pollution models have been assisted policy makers during the negotiations. 
Various studies2 show that the results, conclusions, and policy recommendations depend 
on whether pollutants are studied simultaneously or separately. Hahn (1989) states that 
it is useful for purposes of analysis to break down a complex problem into separate 
parts. The disadvantage of this approach, however, is that problems are studied in 
isolation, potentially leading to undesired consequences. The challenge is to incorporate 
more information into the problem and to formulate multiple objectives in such a way 
that better decisions can be made. Michaelis (1992), in a study on global warming and 
the case of multiple pollutants, concludes that 'the greenhouse problem is more than a 
C0 2 problem' and that policy measures should also account for emissions of methane, 
nitrogen oxides, chlorofluorcarbons, and their interactions. Amann et al. (1995b) write 
that the interrelation of several environmental effects (acidification, eutrophication, 
tropospheric ozone3, human health and so forth) constitute a multi-effect, multi-
pollutant problem. The same holds for combating acidification and tropospheric ozone. 
Because of the connections on the sources of emissions and the central role of NO x in 
both problems these two should be analysed in conjunction. This chapter4 combines the 
pollution reduction targets set in different, more or less isolated UN protocols in a 
framework of multiple targets, e.g. reduce simultaneously acidification and tropospheric 
ozone, and multiple pollutants, e.g. SO2, NO x and VOC. 
The structure of this chapter is as follows. The first section briefly describes the 
connection between acidification and the problem of tropospheric ozone. The second 
section presents the model and its assumptions. Next, the data used in the analysis are 
discussed followed by the optimisation results based on single and joint abatement 
scenarios. In the last section conclusions are drawn and recommendations for further 
research are formulated. 
3.2 Background of the relation between acidification and 
tropospheric ozone 
The problems of acidification and tropospheric ozone are connected at the sources of 
emissions and in the complex chemical atmospheric processes (see Figure 3-1 for the 
See for example Beavis and Walker (1979), Michaelis (1992), Grenfelt et al. (1993), 
Olsthoom (1994) and Amann et al. (1995a). 
Stratospheric ozone relates to the problem of ozone-layer depletion due to CFK's. 
Tropospheric ozone refers to smog periods either in summer or winter. 
This studied has been carried out before the realisation of the Protocol to the 1979 
Convention on Long-range Transboundary Air Pollution to Abate Acidification, 
Eutrophication and Ground-level Ozone at the end of 1999. Therefore, the study does not 
cover analyses related to this protocol. 
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main sources, interactions between various pollutants and different environmental 
effects). 
SOURCE COMPOUNDS EFFECTS RECEPTORS 
agriculture NH 3 eutrophication 
Figure 3-1: The regional air pollution problem. Main relations between dominant 
sources, emitted compounds and their various receptors (Based on Grennfelt et ah, 
1993). 
Nitrogen oxides play an important role in air pollution in Europe (see Figure 3-1). 
If measures are taken to reduce NOx emission, both acidification and tropospheric ozone 
(hereafter referred to as ozone) are affected. However, the environmental effects of NO x 
reduction are fairly complicated. NO x not only result in eutrophication and acidification, 
it also affects ozone formation. NOx and NH3 both cause eutrophication which is 
omitted in this study. The acidifying capacity of NH3, which is mainly produced by the 
agricultural sector as a result of production, storage and distribution of manure is not 
taken into account. 
The formation of ozone is mainly determined by the concentrations of NOx and 
VOC in the air and by the level of solar energy. Ozone formation involves very complex 
chemical reactions. Kelly and Gunst (1990) and Heyes et al. (1995b) give the most 
important features and relations between the major particles. To make things more 
complicated, there is a non-linear relation between the concentration of ozone and its 
precursors, NOx and VOC as is illustrated in Figure 3-2. In some regions a reduction in 
the NOx concentration will lead to an increase in the ozone concentration. Reduction of 
NOx emissions may increase ozone levels, especially in the UK, Germany, the 
Netherlands, Belgium, and Luxembourg (Barrett and Berge, 1996a). These countries, 
having relatively high NOx concentrations, can be located in the upper left part of the 
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diagram in Figure 3-2. VOC abatement seems to be most effective for reducing ozone 
concentrations in these countries. Countries with relatively low NOx concentrations 
such as Russia, the Ukraine, France, Italy and Spain (Barrett and Berge, 1996a), can be 
located in the lower right part of Figure 3-2. In these countries the reduction of NOx 
seems to be most effective for reducing ozone concentrations. 
0 500 1000 1500 2000 
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Figure 3-2: The relation between VOC, NOx and ozone under certain conditions in an 
ozone isopleths diagram based on Kelly and Gunst (1990). 
To qualify the damage for ozone, the concept of accumulated ozone above 
threshold (AOT) values for ozone is applied, following the assumptions and the results 
presented in recent EMEP MSC-W studies (Barrett and Berge, 1996a and 1996b). For 
details or definitions and possible applications of the AOT concept see EMEP (Barrett 
and Berge, 1996a); in particular Part One Chapter 6 and the references therein. We only 
summarise the most important features of AOT values for the application in this study. 
An AOT value is defined as an integral over maximum hourly ozone values above 
a concentration of 60 parts per billion (ppb), over daylight hours, and over the relevant 
growing season. The AOT60 value is given in equation (1). If the maximum O3 value is 
less than 60 ppb the maximum is set at zero 
^0r6O = j"max(O3-6O;O)<# (1) 
It is clear that AOT values for ozone can play an important role in optimisation 
and integrated assessment analysis. World Health Organisation (WHO) recommends a 
maximum of 120 ^gm"3 ozone (60 ppb) in its guidelines. Lower levels of ozone are 
assumed to have no negative health effects (Barrett and Berge, 1996a). At this moment 
it is not clear how these AOT values can be translated into measures for health effects. 
However, at a UN-ECE workshop on health effects of ozone (Eastbourne, UK, 10-12 
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June, 1996) it was agreed that a simple statistic as the AOT60 value can be used as a 
preliminary indication of the existence of ozone levels above the WHO health 
guidelines in assessment modelling purposes (Barrett and Berge, 1996a). 
3.3 The model 
We assume that I European countries are incorporated in the model. Emitting countries 
are indexed i; if a country is a receiver of air pollution it is indexed ƒ . The pollutants 
that are involved are indexed by k (See Table 3-1 for the explanation of the symbols 
used). The objective function is subject to a number of constraints given in equation (3) 
to (7). Equation (3) equals energy demand with the sum of energy from fossil fuels, 
from renewables and from energy conservation. Equation (4) describes the relation 
between emissions, energy sources and abatement, while equation (5) ascertains that 
emission reduction never exceeds emission levels. Constraints are imposed on acid 
deposition and ozone levels in equation (6) and (7). Equation (6) determines the acid 
deposition in a receiving country using data on emission and the source receptor 
relations for SO2 and NOx. Equation (7) determines the ozone level as a AOT60 value in 
a receptor country j . This level depends on the base year ozone concentration in country 
(7) minus a change induced by a change in the NO x emissions, minus a change induced 
by a change in the VOC emissions, both in emitting country i. These changes in NO x 
and VOC emissions are relative to the reference year. For more details on the relations 
between NO x and VOC see the EMEP MSC-W report 1/96 (Barrett and Berge, 1996b) 
and the references therein. 
If we assume a full cooperative solution and that the countries minimise total abatement 
costs, the model can be summarised as follows: 
Mm^C^M.J + icFXF^CR^+icE^) (2) 
/ k i i i 
Subject to: 
ED"! =F,+RI+EI (3) 
EM",. = EMik (F^R,, E,) - Aik (4) 
Ajc- EM, j (F^R;, E,) (5) 
for each receptor country j and for pollutant k, for k=l, 2 
A country usually is both a receiver and emitter of pollutants. To make a clear distinction 
between source and receptor countries two indices are used, i for an emitting country and 
j for a receiving country. Moreover, if in the source receptor matrix i =j then an emitting 





for each receptor country j and for pollutant k, for k=2, 3 (with A is the change in 
emission relative to 1990) 
0 ; - i i > w * A O l ^ < ; O , (7) 





















Emission abatement costs in country i of pollutant k are a function of emission 
abatement (AQ), for all k in NLG prices of 1990 
Cost of renewables in country i are a function of the use of renewables (R,) 
Cost of fossil fuel in country i are a function of the use of fossil fuel (F,) 
Costs of energy conservation in country i are a function of the use of energy 
conservation (E,) 
Use of fossil fuel in country i in PJ.yr"1 
Use of renewables in country i in PJ.yr"1 
Use of energy conservation in country i in PJ.yr"1 
Abatement of emissions in country i of pollutant k, for all k 
Emission in country i of pollutant & are a function of the use of fossil fuel, 
renewables and energy conservation, for all k 
Emission in country i of pollutant k after abatement, for all k 
Maximum (policy) target deposition in acid equivalents in receptor country j 
exogeneously given energy demand in country i in PJ 
Initial (1990) ozone AOT60 value in receptor country j in ppb.h 
Maximum (policy) target ozone AOT60 value in receptor country j in ppb.h 
Source receptor matrix from country i to j for pollutant k, k=l, 2 and ay >0 
Coefficient to calculate acid equivalents for pollutant k,k=l,2 
Source receptor matrix for ozone (AOT60) from country i to country j for 
pollutant k, h=2, 3 
Emitting country i=l to I 
Receptor countryy'=l to J 
Number of pollutants, k=l for S02, k=2 for NOx, k=3 for VOC. 
3.4 Data used in the analysis 
We have taken data for the Netherlands and West-Germany in order to provide 
parameters for the model that qualitatively reflect some real world proportions. Of 
course, different data are found in the literature (e.g. different estimates for the costs of 
energy conservation or the costs of renewables). The purpose of this section is not to 
provide an in-depth analysis of these data, but just to select the parameters in such a 
way that at least some approximation of actual figures is obtained. 
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First we provide some details on energy use and energy prices.6 Energy use is 
approximately 3100 PJ and 14000 PJ for the Netherlands and the Federal Republic of 
Germany in 1990, respectively (United Nations, 1992)7. Energy demand is estimated at 
3410 PJ for the Netherlands and 15290 PJ for Germany in 2010. This is a 10% increase 
relative to 1990 only. The figures for 2010 include an autonomously increase in energy 
conservation of about 1% per year (in total about 22%) between 1990 and 2010. Data 
from Energy Research Centre (ECN), 1997. Average fuel costs have been estimated on 
the basis of the expenditure on fuel in the Netherlands. The average price of fossil fuel 
is estimated at 17 million per PJ NLG (1990) for both 1990 and 2010. The costs of 
renewables are reflected by a cost function starting at 1.5 times the costs of fossil fuel 
for low levels, with costs per unit energy increasing more than proportionally. Cost 
functions used for renewables and energy conservation are of the form C = px + bx" 
with C representing cost, p and x representing price and quantity and a an b being 
coefficients. For both conservation and renewables a=l.l and ¿=0.9. The costs for 
renewables are expected to decline by 20%, in 2010 relative to the costs in 1990. The 
cost of energy conservation start at 1.2 times the price of fossil fuels for low levels, and 
is assumed to increase in the same way as the cost for renewables. 
Emission coefficients per energy source are calculated to establish a relation 
between energy use and emissions of various pollutants. Coefficients for SO2, NOx, and 
VOC are determined as the annual SO2, NOx, and VOC emissions divided by national 
energy use. Data are taken from United Nations (1992) for energy use, emission data of 
S0 2 , NO x and VOC, for both countries are borrowed from EMEP MSC-W 1/96 (Barrett 
and Berge, 1996a). The abatement costs functions for S0 2 and NOx are based on data 
from the Regional Air pollution Information System, RAINS, model developed at the 
International Institute for Applied Systems Analysis, IIASA (Alcamo et al., 1990). The 
abatement cost functions as employed in the RAINS model are stepwise linear 
functions. In our model we used smooth approximations. The functions that are 
estimated are of the form c = a • xh, with c costs of abatement, x emission reduction and 
a and b estimated coefficients. The cost functions are estimated by Van Egmond and 
Rasenberg (1990). The costs of VOC reduction in the Netherlands are approximately 
2000 NLG per tonne VOC, are calculated on the basis of data given in RIVM (1993) 
and are assumed to increase quadratically for both countries. 
Source receptor matrices have been taken from EMEP MSC-W (Barrett and 
Berge, 1996a), but they have been adjusted for the two countries case in a rather 
arbitrary way. We made the system a closed system with only emissions of the two 
countries included (no imported or exported emissions from or to other countries). By 
doing this we assure that the two countries together can control all of the depositions. If 
6 If no other sources are cited, data are taken from Ministry of Economic Affairs, Third 
Energy Report (1995) (in Dutch: 'Ministerie van Economische Zaken, Derde energie 
nota'). 
7 In the model, calculations are made by use of Exa Joules (EJ). Exa stands for * 1018, peta 
(P) for * 1015, giga (G) for * 109, mega (M) for * 106 and kilo (K) for * 103. 
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one would take the real coefficients from the source-receptor matrices the two countries 
can only control a small part of the depositions and the bigger part would be imported 
from other countries. Then the environmental targets might be infeasible for high 
reduction percentages. Therefore, we assume that of the Dutch S0 2 emissions, 81% is 
deposited in the Netherlands, while 19% is being exported to the Federal Republic of 
Germany. Of the German SO2 emissions 74% is assumed to stay in Germany, while 
26% is transported to the Netherlands which is based on EMEP MSC-W, (Barrett and 
Berge, 1996a). Of the Dutch NO x emissions 74% remains in the country, while the other 
26% is exported to the Federal Republic of Germany. Of the German NO x emissions 
71% remains, while 29% is exported to the Netherlands, which is based on EMEP 
MSC-W, (Barrett and Berge, 1996a). Because both Netherlands and Germany are net 
exporters of SO2 and NO x the abstraction to a two countries world will result in 
relatively high values of acid deposition compared to real world values. For ozone a 
source receptor matrix has been developed by EMEP MSC-W that calculates changes in 
ozone levels due to changes in emission levels of NO x and VOC. As stated earlier, non-
linear relations exist between NOx, VOC and ozone. In the EMEP MSC-W report 
(Barrett and Berge, 1996a) different linearity issues are evaluated. It is concluded that 
'source receptor relationships can play a valuable role in predicting the likely effects of 
emission reductions from European countries.' (Barrett and Berge, 1996a, p. 141). For 
the countries with relative high NO x concentrations the linear relationships hold for at 
least 30 percent reductions in NO x and 50 percent reductions in VOC. For other 
countries it seems to be that the source receptor relationships are valid for a range up to 
50 percent reduction in both NO x and VOC. 
3.5 Model results and analysis 
The model has been used to analyse a number of cases successively (1-5). Case 1 gives 
the result for the year 1990. Case 2 is the reference case for 2010, this case includes no 
emission or deposition restrictions. Energy demand increases in both countries because 
of economic growth. Renewables are not introduced, as they are expensive relative to 
fossil fuels and energy conservation. In Case 3 an 80% acid deposition reduction is 
imposed for both countries. In Case 4 a 30% ozone AOT60 value reduction is enforced 
for both countries. Case 5 requires a combined reduction of 80% acid deposition and a 
30% decrease of AOT60 values for ozone in both countries. 
Case 1 shows the levels of emissions, acidification, tropospheric ozone, and 
energy supply and demand for the year 1990. The total costs of the energy system in 
both countries amount to 289 billion NLG of 1990 (see Table 3-2). 
Case 2 shows the reference case for the year 2010, as calculated on the basis of 
the assumptions specified for energy demand and the cost function for emission 
reduction and energy supply. Emissions of S0 2 and NO x are reduced as compared to 
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1990 in both countries, as are emissions of VOC. This results in less deposition of 
acidifying compounds and a lower AOT60 value for ozone. Energy conservation 
amounts to about 18% in the Netherlands and 25% in Germany. The total costs of the 
energy system equals 317 billion NLG (1990). 
Case 3 illustrates that an 80% reduction of acid deposition can be reached by a 
combination of energy conservation, end of pipe emission reduction, and introduction of 
a modest quantity of renewables in Germany (116 PJ). The costs increase considerably 
by about 14 billion NLG (1990), and these cost increases occur mainly in Germany. An 
interesting result is that the AOT60 value for the Netherlands increases, while in 
Germany the AOT60 value decreases. The reduction of VOC emissions induces a 
decrease in AOT60 ozone levels in both countries, but for the Netherlands this decrease 
is more than compensated by an increase in the AOT60 value due to NOx emission 
reduction in both countries. 
Case 4 focuses on a 30% reduction of AOT60 values for ozone in both countries. 
The calculation shows that this can be reached by technical reductions of VOC in both 
countries, combined with energy conservation both, in Germany and the Netherlands. 
The costs are slightly higher than in case 2. Additional energy conservation leads to an 
improvement for acidification as a side effect. 
Case 5 combines the restriction for acidification (-80%) and ozone (-30%) for 
both countries. This leads to a combination of end of pipe technology for SO2 and NOx, 
but NOx emissions in Germany are reduced less than in case 3. VOC emissions are also 
reduced, but less than in case 4 in the Netherlands. Additional energy conservation and 
introduction of renewables in Germany make it possible to meet the specified 
constraints. The costs of the system increase from 317.4 billion NLG (1990) in case 2 to 
334.2 billion NLG (1990) in case 5. 
The resulting changes in a percentage of 1990 levels for depositions of acidifying 
compounds and changes in AOT60 values for ozone are given in Table 3-3 for the cases 
2 to 5. 
As Table 3-3 shows, acid deposition will decrease for the Netherlands and 
Germany respectively by 17% and 19% in the base case. For ozone, only a 4% 
reduction is realised by means of energy conservation for the Netherlands. This is 
remarkably lower than the decrease of 18% ozone in Germany. For case 3, the 80% acid 
deposition reduction scenario, there is an even more peculiar result. For Germany, a 
reduction of 43% in ozone levels will be realised if the acid deposition targets are 
reached. But for the Netherlands the ozone level will increase by 2%, implying that 
without extra measures the ozone problem will be worse in the Netherlands. 
The other way around, a reduction of ozone levels (as implied in case 4) will 
reduce acid deposition levels for both countries by respectively 32% and 34%. This 
reduction of acid deposition is due to a reduction of NOx emissions (see Table 3-3 for 
more details). But to reach the 30% ozone reduction target in the Netherlands a 
reduction of 50% will be reached in Germany. 
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Table 3-2: Results for emissions, depositions, AOT60, energy use and costs for 1990 and for 
2010 c.Respectively the base case for 1990 (Case 1), no abatement base case (Case 2), 80% acid 
deposition reduction (Case 3), 30% ozone AOT60 reduction (Case 4) and a combined 80% acid 
and 30% ozone AOT60 reduction (Case 5). 
Case 1 Case 2 Case 3 Case 4 Case 5 
Year 1990 2010 2010 2010 2010 
Description reference" 80% acid -30% ozone -80% acid and 
-30% ozone 
level level level red. b level red. b level red." 
S 0 2 (Kt) 
Netherlands 205 186 14 122 161 0 14 122 
Germany 5331 4312 754 2720 3518 0 665 2584 
NO x (Kt) 
Netherlands 575 521 131 249 451 0 122 257 
Germany 3071 2484 1096 905 2027 0 1235 636 
VOC (Kt) 
Netherlands 444 403 293 0 35 313 29 262 
Germany 2986 2415 1964 0 1349 622 725 1094 
Acidification (acid equivalents/hectare)d 
Netherlands 21730 17970 4346 14843 4346 
Germany 4920 3990 983 3261 983 
Ozone (AOT60) 
Netherlands 6000 5731 6121 4200 4200 
Germany 5000 4083 2826 2482 1455 
Energy demand (PJ) 
Netherlands 3100 3410 3410 3410 3410 
Germany 13900 15290 15290 15290 15290 
Fuel (PJ) f 
Netherlands 3100 2811 2046 2430 2046 
Germany 13900 11245 9058 9174 8470 
Renewables (PJ) 
Netherlands 0 0 0 0 0 
Germany 0 0 116 0 704 
Conservation (PJ) 
Netherlands 599 1364 980 1364 
Germany 4045 6116 6116 6116 
Cost (Billion 1990NLG) e 
Total cost 289 317 331 319 334 
Netherlands 52 58 58 58 59 
Germany 237 260 273 260 276 
The lower emission levels in the no abatement base case for 2010 compared to emissions 
in 1990 are due to energy conservation. 
A maximum for emission reduction is set at 90% of the emission level in 1990 for all 
pollutants. 
Reduction in emissions only include reduction due to application of end of pipe 
technologies thus excluding emission reduction as a result of energy conservation or the 
use of renewable energy. 
The Netherlands and Germany are both net exporters of the pollutants under 
consideration. Therefore, the simplification to a two country model leads to high values 
compared to empirically measured values. 
Cost are total cost for both energy use and conservation and end of pipe emission 
abatement costs. 
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Table 3-3: Reduction of acid deposition and ozone AOT60 levels as a percentage of 1990 values 
for the various cases in 2010. 
Case 2 Case 3 Case 4 Case 5 
Year 2010 2010 2010 2010 
Description reference - 80% acid -30% ozone -80% acid and 
-30% ozone 
Acid deposition 
Netherlands 17 80 32 80 
Germany 19 80 34 80 
Ozone AOT60 
Netherlands 4 -2 30 30 
Germany 18 43 50 71 
Case 5 shows that the continued reduction of acidification and ozone implies a 
reduction of 71% for AOT60 levels for ozone in Germany, as a combined result of NOx 
and VOC emission reduction. 
Additionally, the calculations show that in a combined emission reduction 
approach energy conservation and renewables play a more important role. At the same 
time, it is illustrated that in Case 5 more NOx reduction takes place in the Netherlands 
(as compared to case 3), while less end of pipe NO x reduction occurs in Germany. This 
is possible because of a higher level of renewables in Germany, which reduces the need 
for end of pipe technologies because of lowered emissions. 
Another interesting result is the fact that the additional costs of reaching combined 
environmental targets for acidification and ozone (that is 334-317=17 billion NLG), 
exceed the sum (that is 14+2=16 billion NLG) of the additional costs for reaching the 
targets for acidification (that is 331-317=14 billion NLG) and ozone (319-317=2 billion 
NLG) separately. Reducing NOx emissions in order to realise the targets for 
acidification, requires additional reductions of VOC in either Germany or the 
Netherlands for realising ozone targets. This is a result of the non-linearities in the 
relationships between NO x and VOC and ozone formation. This is remarkable because 
one would expect that a multiple pollutants multiple targets approach results in cost 
savings because of the possibilities to make trade offs between various option (e.g. the 
choice of the application of the most cost-effective end of pipe emission reduction 
technology for one of the three pollutants) to reduce emissions. 
3.6 Conclusions and recommendations for further research 
Although this study is based on a large number of simplifying assumptions the 
following conclusions can be drawn. 
The 80% reduction of acidification requires large reductions of both SO2 and NO x 
emissions, that may only be reached by a combination of end of pipe technologies, 
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energy conservation and introduction of renewables. For this particular case, reduction 
of NO x may lead to increased ozone concentrations due to the non-linearities in ozone 
formation 
In the situation analysed in this chapter, multiple reduction targets for 
acidification and tropospheric ozone do not lead to cost savings when compared with 
single pollutant/single target policies. This could be explained by the fact that a 
reduction of emissions for acidification can lead to higher ozone concentrations. In 
these circumstances, further reduction of ozone concentrations should be reached by 
substantial reduction of VOC emissions. 
In our cases, renewable energy is only used in modest quantities by the year 2010. 
This is explained by the relative high price of renewable energy sources as compared 
with the price of fossil fuels, and the fact the renewables are expensive as compared 
with end of pipe technologies for emission reduction. The study shows that the 
interactions of emissions at the source and the interactions of pollutants in the 
atmosphere have major impacts on the reduction policies to be pursued. The study 
confirms that a simultaneous analysis of the various pollutants and their effects 
contributes to a better understanding of the various policy options. 
The non-linear relationships between the formation of ozone and its precursors, 
NO x and VOC, are typically found in a number of central European countries. These 
non-linearities explain the results emerging from the case study employed (the 
Netherlands and Germany) to a large extent. Further research is necessary to investigate 
if the mechanisms described in this chapter also would hold on European level. Regions 
with a much lower NO/VOC ratio than those in the Netherlands and Germany should 
be included. Using a more detailed model can give better insights, and may give new 
directions to cost-effective abatement strategies, if a larger number of countries are 
included in the analysis, and if the cost functions are specified in more detail. Also, the 
impact of energy conservation on the cost functions for end of pipe technologies should 
be analysed in more detail. A further refinement of the energy module, for example by 
including various categories of energy carriers, would contribute to improving scenario 
studies for sustainability in transboundary air pollution. 
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Analysis1 
Abstract 
This chapter studies the dynamic aspects related to the problem of acidification. It 
shows how accumulation of acidification in ecosystems can be studied in economic 
modelling by incorporating dynamic aspects of soil acidification. In contrast to the often 
applied critical loads approach which only focuses on the final state of a soil, the 
dynamic approach applied in this study gives information about the temporal 
development of the quality of a soil. Using an economic optimal control model 
containing these dynamic aspects the chapter compares abatement policies based on 
static critical loads to abatement policies based on a dynamic analysis. It shows that soil 
dynamics play an essential role in identifying optimal policies. Based on numerical 
simulations cost-effective abatement strategies for combined reduction of sulphur dioxide 
(SO2) and nitrogen oxides (NOx) are determined. It is also shown that abatement cost 
savings may be realised when intertemporal cost efficiency is taken into account. The 
results indicate that current European policies which are based on a critical loads 
approach instead of dynamic analysis of soil quality, are non-optimal from both an 
ecological and an economic point of view. 
4.1 Introduction 
Acidification affects water, soil and ecosystems. Acidifying compounds such as sulphur 
dioxide (SO2) and nitrogen oxides (NOx) are often produced together, most typically by 
the burning of fossil fuels. Ammonia (NH3), causing acidification and eutrophication, is 
usually emitted by agricultural activities. Currently, many ecosystems in the United 
States, Europe, and the emerging economies in Asia face acid deposition far in excess of 
their specified critical loads.2 The excess acid depositions and their transboundary 
nature make it necessary to reduce acidification on an international level. 
By introducing the critical loads concept in the 1980's an indicator was created 
that could be used in policy plans aiming to reduce the problem of acidification. The 
1 This chapter has been published as Schmieman E. C. and E. C. Van Ierland, Dynamics of 
Soil Acidification: An Economic Analysis, Ecological Economics vol. 31, no. 3, pp. 449-
462,1999. 
We wish to thank Maximilian Posch from the National Institute of Public Health and the 
Environment, Bilthoven, The Netherlands for giving useful suggestions for the 
formulation of soil acidification dynamics. We thank Erwin Bulte, Corjan Brink, Leen 
Hordijk and Carolien Kroeze for their useful suggestions. We thank three anonymous 
reviewers for providing useful suggestions to improve the manuscript. 
2 A critical load is defined as a quantitative estimate of an exposure to one or more 
pollutants below which significant harmful effects on specified elements of the 




relative simplicity of the concept has led to many applications in the environmental 
economic literature. Many studies have calculated cost-effective reduction of sulphur 
dioxide, nitrogen oxides and ammonia based on deposition calculations and critical 
loads.3 Initially the studies contained a limited number of critical loads. Later, however, 
after increased knowledge of ecosystems and their response to acid deposition and 
detailed mapping of critical loads, it became possible to develop models that calculate 
cost-effective reduction strategies based on critical loads for various ecosystems and for 
different pollutants. 
Abatement policies for acidification presently in place in the European 
Commission and the United Nations Economic Commission of Europe (UN-ECE) are 
founded on the use of critical loads. In the resulting protocols under the convention on 
long-range air pollution, deposition targets are formulated in 'gap closure' scenarios. The 
'gap' is the difference between the actual deposition and the critical load, and the target 
is to reduce this gap by a certain percentage at some point in time. However, in the 
period between signing the agreements and the time the targets will be met, depositions 
are exceeding critical loads, and soils will deteriorate. It is unknown to what extent, and 
how long it will take for the soil to fully recover. Information about the temporal 
development of the soil quality (as being analysed in this study by explicitly modelling 
the base saturation) can therefore be useful to redefine policy targets. This would avoid 
damage to ecosystems in the period during which critical loads are exceeded and would 
take into account the time it takes the soil to recover. We will show how one can 
overcome the shortcomings of a critical load as an indicator to protect ecosystems from 
acidification. 
Natural scientists stress that it is not sufficient to focus solely on acid deposition 
and critical loads: the dynamic aspects of acidification should be taken into account as 
well. Rennings and Wiggering (1997) point out that the critical loads concept is only an 
initial indicator for the environmental quality of complex ecosystems. In a study on 
critical loads and recovery of forest soils, Hettelingh and Posch (1994) show the 
importance of knowing the time a soil or ecosystem needs to recover from excess acid 
deposition. With knowledge of the recovery period, which can be longer than 70 years 
(Hettelingh and Posch, 1994) one can determine the rate at which emission abatement 
should be implemented. The use of dynamic soil acidification models also can provide 
important additional information for regional steady-state critical load calculations 
(Forsius et al., 1997). De Vries (1993) states that critical loads give information about 
the acceptable levels of acid deposition in the long term. Dynamic soil acidification 
models can be used to predict the time period before a critical ion concentration or ion 
ratio will be reached. Other natural science studies stressing the importance of analysing 
See for example Maler (1989), Alcamo et al. (1990), Van Ierland (1991), Amann et al. 
(1992). Other applications are found in Altman et al. (1994), Amann and Klaassen 
(1995), Zylicz (1995), Amann et al. (1997a), the European Commission (1997) and 
Amann etal . (1998a). 
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abatement policy options using dynamic soil acidification models include Holmberg 
(1989), De Vries and Kros (1991) and Bull (1995). 
Important economic and political reasons also exist for incorporating these 
dynamic processes into economic models. The timing of emission reduction influences 
abatement costs, technological development and economic growth. Postponement of 
emission reductions may be efficient if the marginal productivity of capital is positive. 
Future burdens are relatively cheaper because fewer current resources are set aside for 
future reduction. In addition, the costs of reduction are expected to decline over time 
(Wigley et al., 1996). Earlier reductions, however, may be efficient because earlier 
emission reductions will stimulate learning (Griibler and Messner, 1998), and emission 
reduction can prevent irreversible damage to ecosystems and related economic costs. 
Despite these reasons, dynamic aspects of acidification reduction strategies are 
examined in only a few environmental economic studies, the most important are Kaitala 
and Pohjola (1988), Kaitala et al. (1992), Maler (1994a), Maler and De Zeeuw (1994b) 
and Maler and De Zeeuw (1998). 
Acidification as a transboundary air pollution problem has often been analysed in 
game theory (either static or dynamic) because acidification affects a common property 
resource in an asymmetric way, involves many countries all with different incentives, 
and the countries have not agreed upon a set of rules (Maler, 1989). In a dynamic acid 
rain game, damage is determined not by annual depositions, but rather by accumulated 
depositions (Maler, 1994a). However, not being able to incorporate accumulation of 
acid depositions, Maler (1994a) focuses on dynamics induced by an acid rain game that 
is played repeatedly in the future. Recently, Maler and De Zeeuw (1998) introduced in 
'the acid rain differential game' a way to account for accumulation of acidification. They 
assume that when critical loads are exceeded the buffer stock for acidification 
decreases, and when depositions are below critical loads the buffer increases. However, 
the behaviour of the buffer stock is not related to chemical processes in the soil or to the 
quality of the soil in a way that describes 'real' soil acidification. The studies have in 
common a focus on steady state outcomes within a game theory framework. Kaitala et 
al. (1992) include an equation that describes dynamic soil acidification based on results 
from a dynamic soil acidification model. The equation they use calculates the temporal 
development of a chemical soil parameter (the base saturation) that can be considered to 
be a soil quality indicator. They relate this indicator to reduced forest growth and hence 
to economic damages caused by acidification. Applying game theory, Kaitala et al. 
(1992) derive both cooperative and non cooperative solutions to an acid rain game 
between Finland and the USSR. 
The aims of this chapter are threefold; first, to investigate how dynamic aspects of 
acidification can be included in economic modelling used to calculate cost-effective 
time paths for reducing acidifying pollutants; second, to show how gap closure 
scenarios based on critical loads can function in a model that accounts for dynamic 
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processes in acidification; and third, to perform intertemporal cost-effectiveness 
analysis. 
Our study enhances the literature by integrating improved ecological modelling 
that incorporates dynamic aspects of acidification with economic modelling, and by 
contrasting the results obtained from a dynamic model with those of more traditional 
comparative static models based on critical loads. By doing so, this study presents a 
method for combining dynamic economic modelling with the modelling of dynamic soil 
acidification processes. The study also provides insights into the temporal development 
of soil quality and presents intertemporal cost-effective4 strategies that take into account 
both environmental and economic factors. 
The structure of the chapter is as follows, the second section identifies the 
dynamic behaviour of the quality of soils with respect to acidification. The third section 
develops a theoretical model suitable for analytical purposes by deriving optimal time 
paths for the reduction of SO2 and NOx. In the fourth section we illustrate mechanisms 
using a numerical example, and the fifth section deals with spatial and intertemporal 
cost-effectiveness. We draw conclusions in the last section. 
4.2 Dynamic aspects of soil acidification 
In this section we describe a simplified soil acidification model that includes the 
dynamics of soil acidification.5 Dynamic aspects of soil acidification can be indicated 
by the temporal development of the base saturation of a soil.6 The base saturation is 
defined as the fraction of exchangeable base cations in the solid phase of a soil. It is a 
chemical soil parameter that can be considered as a soil quality indicator for 
acidification. The fraction of exchangeable base cation indicates the availability of 
nutrients in the soil and this availability of nutrients influences growth of forests and 
other vegetation. 
The base saturation at time t, B(t), is defined as the stock quantity and is expressed 
as a fraction with 0 < B(t) < 1. The dynamic behaviour of the base saturation in a soil 
can be described by the following state equation 
B(t) = ^P- = -ßB(t)hxB(t)-1D(t)B(t) (1) at 
From economic viewpoint it would be desirable to apply cost-benefit instead of cost-
effectiveness analyses. However, valuing damages is a difficult task (if not impossible). 
To overcome these difficulties we apply cost-effectiveness analysis. 
Acidification models with many equations describing in detail soil and water chemistry 
are too complex to integrate with economic models, therefore we use a simplified and 
condensed model. 
Other indicators that could be used are among others the pH of a soil or the aluminium 
concentration in a soil. 
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with D{t) being a deposition function, and /£>0 and y>0 as coefficients which can be 
estimated using dynamic soil acidification models7. By a state transformation of 
(j)(t) = In B(t) (and thus B(t) = em) the state equation transforms into (omitting 
subscript t with respect to 0): 
i = -ft-Wf) (2) 
Parameter p can be interpreted as a recovery rate, while y identifies how fast a soil 
responds to (changes in) acid deposition. A lower base saturation will result in a more 
acidified and less fertile soil. From equation (2) we can derive that the base saturation 
recovers faster at lower levels (that is, the more a soil is degraded by acidification the 
faster the soil recovers) and that the process of acidification is always reversible. This is 
a suitable description of the behaviour of the base saturation (De Vries and Reinds, 
1998). Below a certain value of the base saturation, what we call the critical value, 
vegetation and ecosystems that depend on the soil are assumed to face increasing risks 
of damage and harmful effects, due to long term acidification (Posch, 1998). 
The critical loads for acid deposition are derived from the critical base saturation 
(Bc), and are derived for steady state conditions that is for <j> = 0. Using equation (2) and 
Bc, which transforms to 0C (0c=ln£e), and, assuming an infinite time horizon, we can 
derive the critical load (Dc) for acid deposition from the following expression: 
D (3) 
Y 
If we solve equation (3) for the critical base saturation (j)c, it can be seen that 0C is 
independent of the initial condition of the soil, and independent of depositions before 
the time period under consideration (before t=0), and the analysis does not have to start 
before the process of acidification began (before industrialisation). For our calculations 
we set the parameter values at /J=0.015, y=0.0001 and the critical limit for the base 
saturation at 5C=0.10. The values for ¿3 and /are chosen arbitrarily, but magnitudes are 
based on parameters estimated for a poor Finnish forest soil as applied in Kaitala et al. 
(1992). Using soil scientific research, we know that a reasonable critical limit for the 
base saturation is either 0.05 or 0.10 (Posch, 1998). 
Using equation (3) we can compute the critical load, £>c=345 acid equivalents per 
hectare per year (eq/ha/y). The resulting soil is quite sensitive to acidification since 
actual critical loads range from less then 200 acid eq/ha/y in some places in Scandinavia 
The only relation we could find in the literature that describes soil acidification dynamics 
in one simple equation reads B(t) = - aB(t) -pB{f)\nB(f) - yD{t)B{t) . The 
dt 
equation is taken from Kaitala et al. (1992) and is derived by those authors using a model 
developed by Holmberg (1990). To further simplify the equation we set cc equal to zero 
by assuming that the term is captured by yD(t) as a type of background deposition. 
Further, we express the base saturation as a fraction and not as a percentage. 
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and Central Europe to over 1000 acid eq/ha/y in most of Southern Europe. From 
equation (3) and Figure 4-1 we also see that for a constant deposition below the critical 
load (Dcon=100 acid eq/ha/y), the base saturation will converge to 5=0.51. For a 
constant deposition higher than the critical load (Dcon=900 acid eq/ha/y), B will 
converge to fi=0.002.8 See Figure 4-1 for the temporal development of the base 




Figure 4-1: The temporal development of the base saturation (as a fraction) for a 
constant high (900 eq/ha/y) and constant low (100 eq/ha/y) acid deposition for four 
different cases, Bc=0.10 and the critical load Dc^345 acid eq/ha/yr. 
By formulating a model that incorporates soil dynamics one can determine when 
the critical base saturation (Bc) will be reached given initial conditions of a soil and 
assuming a known deposition function (D(i)). By using critical loads only, as is being 
done in many studies, one cannot analyse the temporal development of the condition of 
a soil itself. 
In the next section we develop an analytical model that accounts for the dynamic 
behaviour of soils, and we derive optimal cost-efficient time paths for emission 
reduction. 
Solving equation (3) for the ln-transformed base saturation gives (j) = — . For known 
B and / a n d given constant deposition Dc and by applying the exponential transformation 
the base saturation Bc can be determined. 
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4.3 Dynamic cost-effective reduction of acidification 
In our model we want to reduce emissions of pollutants that lead to acidification of 
soils. Unabated emissions are represented by Ek, and abatement is given by AknJ for 
acidifying pollutant k, with n representing an emitting country for any time t and both 
emission and abatement are expressed in kiloton (1 kiloton is 1,000,000 kg). The 
abatement cost functions are given by Ck(Aknt) and are assumed to be twice 
differentiable, convex and increasing in Aknl (that is C'nJc > 0, C"ik > 0) at any time t. 
Total abatement cannot exceed total emissions (Ek, > Akt V7). For now we assume 
no technical progress, resulting in constant abatement cost functions over time. For 
reasons of simplicity we assume further that unabated emissions ( E k ) are given and are 
constant over time. This can be explained be assuming no economic growth and no 
growth in energy consumption. Emissions in country n are transported to receptor 
countries m by air, and depositions in receptor country m can be calculated using 
transport matrices M k ? The matrix M k is assumed to be constant over time. 
Total reduction costs (TC) are calculated as the sum of both the discounted 
reduction costs in period t to the time that the problem reaches the constraint in the base 
saturation which we call the terminal time T, and, the discounted reduction costs beyond 




We can rewrite this expression resulting in equation (5) yielding a maximisation 
problem formulated as maximising the negative costs, with V being the present or 
discounted value of the sum of total abatement costs over the whole period, AknJ being 
the variable to control, and 0(^Lm,AT,r,T) expressing a scrap value function depending 
on the lower bound of the base saturation, as well as the abatement level in period T 
(AT), the discount rate r and T. Accordingly, we want to find the abatement path AknJ 
that maximises (omitting subscript t)10: 
MaxV = Y!L\-^Ckn(Ak„)dt-eWm,AT,rJ). (5) 
n k o 
The transport matrices include a factor that translate depositions in kton to acid 
equivalents per hectare per year, 1 kg/ha sulphur is equivalent to 62.5 acid equivalents per 
hectare and 1 kg/ha nitrogen converts to 71.428 acid equivalents per hectare. 
Using the concept of limits the second term of equation (4) can be rewritten as follows: 
6(<t>cm,AT,r,T) = ]e~"C(A,)dt = lim je-"C(A,)dr = " " [ " ' ' ' ' V ' " " ] * = £^TCL 
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subject to the soil equations for every country m (we assume that every country consists 
of one homogeneous soil): 
L=-PJm~YmK&k-Ak) (6) 
k 
with fi^O, Ym>0. Row vector m k i s the j * row of matrix Mk. E kand A k are 
respectively the emission and abatement vectors of pollutant k. Further, abatement 
cannot exceed emissions (Ek - Akn > 0). The ln-transformed base saturation is required 
to be greater than a critical value ((j>cm) in any country m at any r (0„, - 0^ > 0) and the 
initial condition for a soil is given by the initial value 0° and is assumed to be known 
(*„(0) = < ) . 
The current value Lagrangian L reads as follows: 
^ = ^  = S l ( - C „ i ( 4 t ) ) + l A l - J 8 m 0 m - 7 m I m k 1 ( E k - A k ) ) 
n k m y k J 
n m 
This results in a control problem with m state equations and k pollutants in every 
emitting country. As long as the constraints are not binding (and hence the Kuhn Tucker 
multipliers jim and fl„ are zero) the optimal marginal costs of reduction are given by (the 
details of deriving equation (8) are given in the Appendix) 
C"1 Ak 
r + pm 
This indicates that the marginal abatement cost of a pollutant k is equal to the change in 
the marginal cost multiplied by the change in abatement divided by the discount rate 
plus the recovery rate/Jm. In other words, according to Hotelling's efficiency rule, the 
relative change in marginal abatement costs should be equal to the sum of the discount 
c 
n 
is independent of both how the soil responds to acid deposition (parameter ym) and the 
transport matrix Mk. Both the discount and the recovery rate have the same effect, a 
higher value shifts abatement effort to the future and a lower value shifts the efforts to 
the present. The results are very similar to optimal paths of abatement of greenhouse 
gases (see for example Falk and Mendelsohn, 1993). The optimal time path of the base 
saturation can be determined by substituting the optimal paths of emission reduction in 
equation (6). Together with the initial and transversality condition the abatement levels 
at t=0 can be calculated. The optimal time path of reduction is also determined by 
parameter ym and transport matrix Mk. Moreover, the asymmetric transport matrix 
rate and the recovery rate ( n^)k" = r + [Sm). It should be noted that the relative change 
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partially determines the level of the base saturation and may lead to different 
developments in different countries, even if the soils are assumed to be identical. By 
using proper functional forms of the cost functions together with the transversality 
conditions the optimal path for the base saturation can be determined (see Appendix). 
From this section we conclude that a high discount rate r, a high recovery rate ¡1 as 
well as high marginal abatement cost C'(A) tend to postpone emission reduction, 
though for different reasons. A high recovery rate has a volume effect and makes it less 
necessary to abate, because from a natural science point of view, the soil can absorb a 
greater acid deposition. A high discount rate or high marginal costs have a price effect 
and lead to postponement of emission reduction because of a higher present value of 
abatement costs. The slope of the marginal abatement cost curve (C"(A)) also 
determines the distribution over time, a steeper marginal cost curve results in smaller 
changes in abatement over time. Each is an important factor for obtaining cost-effective 
solutions. 
4.4 Accumulation of acidification, critical loads and damage delay 
time 
To further investigate factors that influence cost-effective solutions we analyse the 
results of a numerical optimisation model that contains dynamic aspects of soil 
acidification. Two abatement scenarios are of particular importance and we compare 
them to show the main mechanisms. 
First, we examine the 'optimal abatement' scenario in which the model calculates 
cost effective reduction of SO2 and NO x given a minimum standard for the quality of 
the soil (a lower bound on the base saturation). 
Table 4-1 : The most important data used in the one country model run. 
Value 
Constant emissions (for all t before abatement) 
S0 2 (Kton/y) 1700 
NOx (Kton/y) 700 
Deposition before abatement (acid eq/ha/y) 1650 
Initial value base saturation, <j>°m (fraction) 0.40 
Critical value base saturation, §cm (fraction) 0.10 (0.05) 
Critical load (acid eq/ha/y) 345 (450) 
Initial exceedance of critical load (times critical load) 4.8 (3.7) 
Discount rate (%) 5 (2, 8) 
Note: Data are hypothetical but are selected according to European magnitude. Numbers 
between brackets are used in sensitivity analysis. 
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Second, we investigate 'the protocol implementation' scenario in which we assume 
that emission reductions are implemented analogous to the current European policies 
based on the sulphur and nitrogen oxides protocols (United Nations, 1985; United 
Nations, 1988). 
In this scenario it is assumed that no emission reduction is realised in the first 
period 1980-1984. In 1985 the target reduction is minus 40% of 1980 emission levels to 
be realised in the year 2000 for both S0 2 and NOx. Between 2001 and 2010 a further 
reduction is implemented to minus 80% of 1980 levels, and beyond 2010 emission 
levels are assumed to be constant. In addition, we assume that emission reduction 
measures are linearly implemented between the year that the target becomes effective 
and the year the target is to be met. The data used in the numerical model are given in 
Table 4-1. 
. Deposition pattern resulting from a uniform cut 
back (comparable to implementation of sulfur and 
nitrogen oxides protocols) 
-Optimal deposition pattern 
1980 1990 2000 2010 2020 2030 
— I 1 
2040 2050 
time (years) 
Figure 4-2: Typical deposition pattern according to implementation of the European 
sulphur dioxide and nitrogen oxides protocols and the deposition pattern according to 
the cost effective abatement strategy. 
4.4.1 Accumulation of acidification and critical loads 
Figure 4-2 shows the typical development of deposition patterns for the cost effective 
abatement path and the protocol implementation scenario. Emissions show similar 
patterns because they are linearly transformed by the transport matrix to depositions. 
The reduction is higher in the optimal reduction strategy relative to reduction in the 
protocol scenario, due to the extra restriction that we impose, and the quality of the soil 
is not allowed to decrease under a certain level. Efficiency gains are realised by a trade-
off between SO2 and NOx reduction depending on their marginal abatement costs. This 
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is comparable to the 'ordinary" cost effective solution in a multiple pollutant setting. Due 
to technical limitations, the maximum reduction for both pollutants is assumed to be 90 
percent of the unabated emission level. This explains the kink in the optimal deposition 
path (at t=2002). At that point sulphur reduction is limited to 90 percent and further 
reduction is realised by NO x abatement with higher marginal costs. The discount rate 
and the marginal abatement costs determine the distribution of abatement over time and 
hence the reduction time path. For a lower (higher) discount rate, the constraint on the 
soil quality becomes binding later (earlier) in time. 
Figure 4-2 shows that the depositions reach the critical load in both countries after 
the year 2010. With the deposition at 330 acid eq/ha/y and the critical load at 345 acid 
eq/ha/y, depositions are strictly below the critical load because a uniform cut back of 
80% for both NOx and S0 2 is more then sufficient to reach the critical load. If one were 
to compare the deposition to the critical loads one would conclude that ecosystems are 
protected and will not encounter an increased risk of damage due to acidification after 
the year 2011. Although many studies draw this conclusion it is not always correct, e.g. 
some cost-effective acid reduction scenarios calculated with the RAINS model that are 
based on a target of x-percent ecosystems protection (Amann et al., 1998c). Below we 
explain why. 
4.4.2 Accumulation of acidification and the damage delay time 
Figure 4-3 shows the development of the base saturation in both the optimal reduction 
strategy and the protocol implementation scenario. Under the optimal reduction strategy 
the lower bound on the base saturation is reached at about /=2011 and then remains 
constant." From equation (8) we have already concluded that the recovery rate ñ and 
the discount rate r both have the same effect. An increased time preference delays the 
time at which abatement costs are incurred, causing the critical value for the base 
saturation to be reached earlier in time. 
Recalling Figure 4-2, one would believe, that according to the deposition levels, 
ecosystems are protected from increased risk of damage due to acidification in both 
scenarios after 2010. Figure 4-3, however, leads to a different conclusion. In the 
protocol implementation scenario, the quality of the soil in the country indicated by the 
base saturation falls under the critical value in 1990 and stays under for more than 90 
years after the full implementation of the protocols becomes effective (provided that 
depositions remain constant after 2010). Accordingly, the soil needs a long period to 
1 1 It should be noted that different soils characterised by different values for the parameters 
Bm and ym respond differently to excess acid loads. Therefore, for some soils a temporal 
exceedance of critical loads might not be a problem, because the soils respond so slowly 
that they would never reach their critical values. However, some soils may respond so 
quickly that critical values are soon surpassed and the quality of the soil will deteriorate 




recover from the excess acid loads in the first three decades of the period under 
consideration. In this recovery period, also denoted as Damage Time Lag, DTL, 
ecosystems face increased risk to acidification damage (Hettelingh and Posch, 1994). It 
may result in reduced forest growth, a decrease in biodiversity, or other negative effects. 
This mechanism shows exactly what could happen when politicians agree on deposition 
targets based solely on critical loads to be reached at some point in time. 
• Development of the base saturation resulting from 
a uniform cut back (comparable to Implementation 
of sulfur and nitrogen oxides protocols) 
-Optimal development of the base saturation 
1980 1990 2000 2010 2020 2030 2040 2050 
time (years) 
Figure 4-3: Typical development of the base saturation according to implementation of 
European sulphur dioxide and nitrogen oxides protocols and the development of the 
base saturation according to the cost effective abatement strategy. 
Damage may occur, because the critical loads approach does not take into account 
the extent that soils are degraded and how long recovery may take. Insights in the 
temporal development of the quality of a soil can thus be useful for redefining emission 
and deposition policy targets. It may even be the case that early reduction or more 
stringent policy targets at an earlier date may be cost-efficient when the monetary value 
of damage is taken into account. Moreover, a cost benefit analysis including dynamics 
of soil acidification and potential damage caused by low soil quality may result in 
shifting emission reduction closer to the present. 
4.5 Spatial and intertemporal cost-effectiveness in a transboundary 
context 
In this section we show how allowing for intertemporal cost-effectiveness can lead to 
better cooperative cost-effective solutions relative to static cost-effective solutions. The 
model in this section and its assumptions are equal to the assumptions in the analytical 
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model developed earlier with the following details. The numerical model contains two 
countries, both of which have a single soil for reasons of simplicity. The impact of acid 
deposition on the soils of the countries is modelled using the relations developed in 
Section 4.2. To derive emission targets we focus on the base saturation (Bj) of the soil. 
The countries face different abatement cost curves for the pollutant, even though the 
discount factor (e"rt) is equal for both countries. Using the model, we investigate 
potential gains from international cooperation and from flexible timing in the two 
country world under consideration. We provide more details about the data in Table 4-2. 
To gain familiarity with the model we perform a base run to determine the cost-
effective abatement paths for NOx and SO2 given the constraints Bm(t) > 0.10 Vf for 
both countries. Country B, the down wind country, has the binding soil. That means that 
the optimal solution is driven by the constraint imposed on the base saturation in 
Country B. The critical limit for the base saturation is reached in 2011, and deposition is 
equal to the critical load (345 eq/ha/yr). For t>2011 emissions and depositions remain 
constant. The deposition in Country A is below the critical load (Af=203 eq/ha/yr) 
resulting in a recovery of the quality of the soil. The base saturation converges to a 
steady state in which 5^=0.26. 
Table 4-2: The most important data used in the numerical model runs. 
Country A Country B 
Constant emissions (for all t before abatement) 
S0 2 (Kton/yr) 500 2000 
NOx (Kton/yr) 300 800 
Initial value base saturation, 0° (fraction) 0.40 0.40 
Critical value base saturation, (j>cm (fraction) 0.10 0.10 
Critical load (eq/ha/yr) 345 345 
Discount rate (%) 5 5 
Note: Data are hypothetical but are selected according to European magnitude. 
To analyse potential cost savings of flexible timing we follow the analyses of 
Manne and Richels (1995) with respect to greenhouse gas reduction. We distinguish 
three situations. In Case I, the time path of emission reduction is fixed and the countries 
both reduce a fixed percentage of their unabated emissions. From this 'uniform cut back' 
scenario (similar to implementation of the European S0 2 and NO x protocols) the model 
calculates depositions and the resulting quality of the soil indicated by the base 
saturation (a similar scenario has been investigated in the prior section). 
In Case II we allow for spatial effectiveness, which in fact is comparable to the 
cost-effective solution that can be calculated with IIASA's RAINS model (Alcamo et 
al., 1990). In this scenario we set maximum depositions equal to the calculated 
depositions of Case I for each corresponding period. Therefore, Cases I and II have 
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identical paths for depositions (see Figure 4-4) and the base saturations (see Figure 4-5) 
in both countries. Results for Country A and Country B are comparable, therefore, we 
only show the results for Country B, because its soil is binding. 
1800 j 
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Figure 4-4: Deposition path for Case I: Uniform emission reduction, Case II: Spatial 
cost-effective emission reduction, and Case III: Intertemporal and spatial cost-effective 
emission reduction. Case I and Case II result in the same line, and only the results for 
(binding) Country B are shown. 
Fixing maximum deposition loads is similar to what is often called a 'gap closure 
scenario'. The difference between a uniform cut back (Case I) and a scenario allowing 
for spatial cost-effectiveness (Case II), occurs in the allocation of the required emission 
reduction between countries. Countries are cooperative in finding the cost-effective 
solutions by reducing emissions in the country facing lowest marginal costs either for 
SO2 or NO x reduction. 
Case III allows for intertemporal and spatial cost-effective considerations by 
setting a minimum level for the base saturation rather than by fixing emission or 
deposition levels. From Cases I and II we know the lowest reached base saturation at 
any point in time (i.e. 5^=0.043), and therefore we require that Bm(f)>Bcm for all t. To 
make Case III comparable to Cases I and II we add one more restriction. The base 
saturation in Case III should have at least the level of the base saturation in Cases I and 
II for every corresponding year after 2020. The latter restriction implies that emission 
reduction cannot be postponed further into the future relative to Case I and n . 
If we allow for spatial and intertemporal trade-offs (in the way described under 
Case ITf) we find that emissions are lower (and abatement costs are higher) for the first 
years compared to Cases I and II (see Figure 4-4). The quality of the soil, indicated by 
the base saturation, in Country B stays at least as good over the whole period under 
52 
Dynamic soil acidification in economic analysis 
consideration (see Figure 4-5). In Country A the base saturation decreases below the 
level of Cases I and II after 2010 and remains slightly below. 
Uniform emission reduction (Case I) and 
Spatial cost-effectiveness (Case II) 
Case III: Intertemporal and spatial cost-
effectiveness 
1980 1990 2000 2010 2020 2030 2040 2050 
time (years) 
Figure 4-5: The base saturation for Case I: Uniform emission reduction, Case II: 
Spatial cost-effectiveness emission reduction, and Case III: Intertemporal and spatial 
cost-effective emission reduction. Case I and Case II result in the same line and only the 
result for (binding) Country B are shown. 
In this numerical illustration, international cooperation will lead to 26% cost 
saving compared to a uniform emission reduction. If the countries cooperate in their 
reduction strategies and if they allow for intertemporal cost-effectiveness, then they can 
realise an additional 6% cost savings relative to a uniform emission reduction. 
Additionally, the quality of the soil in Country B stays higher for the first 33 years 
compared to Case I and Case II (see Figure 4-5). Different discount rates do not change 
the percentage cost savings much. 
From this analysis we can conclude that cost savings, along with the same or less 
acidified soil, are possible if countries were to distribute their emission reductions cost-
effectively over time, taking into account dynamic aspects of soil acidification. 
4.6 Conclusions 
We have performed a dynamic optimisation of cost-effective abatement strategies for a 
combined reduction of the major acidifying compounds S0 2 and NOx. The study 
provides a way to analyse optimal time paths of emission reduction for S0 2 and NO x by 
showing how dynamic aspects of soil acidification can be incorporated into economic 
modelling. Based on dynamic soil acidification models we can conclude that the stock 
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behaviour of acidification cannot be described empirically using linear functional forms. 
Using a numerical model we show the main features of the model. The results indicate 
qualitatively that an analysis of acidification in a dynamic setting takes into account 
hard ecological constraints better than the traditional critical loads approach. 
We also show that intertemporal cost-effective reduction strategies may lead to 
cost savings compared to spatial international cooperative cost-effective solutions. This 
can be explained by a more cost-effective distribution of emission reduction over time 
when intertemporal efficiency is allowed compared to spatial efficiency only. By 
allowing intertemporal efficiency, reduction measures with low marginal costs are 
implemented early in time, and measures with high marginal costs are implemented 
later in time. In addition, we show that these cost-savings can be combined with a better 
soil quality indicated by a higher base saturation. 
The current European acidification policies are founded on the use of critical 
loads resulting in acid depositions temporally exceeding the critical loads. Based on 
critical loads analysis it is unknown to what extent a soil recuperates, and how long it 
will take for the soil to fully recover. Information about the temporal development of 
the soil quality by explicitly modelling the base saturation as is being done in this study 
can therefore be useful to redefine policy targets. This avoids damage to ecosystems in 
the period during which critical loads are exceeded, and takes into consideration the 
time necessary for soil recovery. Therefore, the results indicate that current European 
policies which are based on a critical loads approach instead of dynamic analysis of soil 
quality, are non-optimal from both an ecological and an economic point of view. 
Appendix 
The first order conditions and the necessary conditions that can be derived from the 
Lagrangian given in equation (7) are: 
Hr = -C -it =0VM (A-i) 
= rX-» - i r = ^ > + A » ) - X ^ V m (A-2) 
3 r 
K ^ ^ W . - L l m f ^ - A " ) (A-3) 
The Kuhn Tucker conditions are: 
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= Ek-Ak>0, n^O, ßn(Ek-Ak) = 0 Vk,n 
(A-4) 
m = 0 m - C > O , ßm>Q, fimWm-<i>cH) = 0 Vm 
(A-5) 
If the optimal path of abatement is denoted by A k and the optimal terminal time by T" 
then the transversality conditions are (with nm (?) = e"Xm): 
The problem is formulated using a current value Hamiltonian, the shadow price is given 
by Xm and the current value shadow price by nm-e"Xm. In economic interpretation, 
(A5) means that if the lower bound (0*) for the base saturation level is not binding, 
namely that the stock or buffer capacity of the soil to neutralise acidifying depositions is 
not totally used up, then the price of abatement must be zero. According to equation 
(A7), a marginal change in the value of the scrap term due to a marginal change of the 
terminal time T* will be equal to an opposite change of the value of the Hamiltonian. 
The terminal time T depends on the discount rate, the recovery rate Rm, the sensitivity of 




5 Dynamic Cost-effective Reduction Strategies for 
Acidification in Europe: An Application to Ireland 
and the United Kingdom1 
Abstract 
This chapter describes the application of an optimisation model for calculating cost-
effective abatement strategies for the reduction of acidification in Europe while taking 
into account the dynamic character of soil acidification in a number of countries. 
Optimisation targets are defined in terms of soil quality indicators e.g. pH, base 
saturation or the aluminium ion concentration in the soil solution within an optimisation 
model for transboundary air pollution. 
We present a case study for Ireland and the United Kingdom. Our results indicate 
that reduction of sulphur dioxide emission is more cost-effective than that of nitrogen 
oxides or ammonia. The reduction percentages for sulphur dioxide are highest, for two 
reasons: i) marginal sulphur dioxide reduction costs are relatively low compared to 
marginal reduction costs of nitrogen oxides and ammonia and ii) sulphur dioxide 
reduction is more effective in reducing acidification in physical terms than nitrogen 
oxides or ammonia abatement. Our dynamic analysis shows that a (fast) improvement 
of soil quality requires high emission reduction levels. These reduction levels are often 
higher than reduction levels that are typically deduced from the static critical loads 
approach. Once soil quality targets are reached, in our model, less stringent emission 
reductions are required to maintain the soil quality at a constant and 'good' target level. 
Static critical loads approaches that ignore dynamical aspects may underestimate the 
emission reductions needed to achieve predefined soil quality targets. 
5.1 Introduction 
Up to now, European policy targets for acidification are defined in terms of maximum 
emissions based on maximum depositions derived from critical loads. A critical load is 
a threshold value. If acid deposition is below the threshold it is assumed that no 
environmental damage occurs2. Integrated assessment models have been used to assist 
policy makers in defining acidification policies In Europe. The Regional Air Pollution 
1 This chapter is joint work with Wim de Vries, Leen Hordijk, Carolien Kroeze, 
Maximilian Posch, Gert Jan Reinds and Ekko van Ierland. 
We wish to thank the International Institute for Applied Systems Analysis (IIASA) 
Laxenburg (Austria) for providing the RAINS model. We also thank Zbigniew Klimont 
and Janusz Cofala (both from the Transboundary Air Pollution Project, IIASA) for 
explaining some features of the RAINS model and providing the latest available RAINS 
data. 
2 A critical load is defined as a quantitative estimate of an exposure to one or more 
pollutants below which significant harmful effects on specified elements of the 




INformation and Simulation (RAINS) model (Alcamo et al, 1990; Amann et al, 1997b) 
is probably the best known and most widely used model for analysing strategies to 
realise acidification policy targets at a European scale. The RAINS model was 
developed at the International Institute for Applied Systems Analysis (IIASA) as an 
integrated assessment tool to assist policy advisors in evaluating options for reducing 
acidification. The RAINS model can be used as an optimisation model to determine 
cost-optimal reduction strategies based on deposition targets or critical loads for Europe. 
In this chapter we describe an alternative model for analysing cost-effective 
reduction strategies for sulphur dioxide (SO2) , nitrogen oxides (NOx) and ammonia 
(NH3) in Europe. Contrary to the RAINS model we do not include critical loads in our 
model, but explicitly account for the dynamic aspects of soil acidification. Moreover, 
our model combines this dynamic soil acidification model with a dynamic economic 
cost-effectiveness analysis that taking into account dynamic aspects related to soil 
acidification as an alternative to the steady-state critical loads approach used so far. 
Although critical loads are useful in integrated assessment modelling and relatively easy 
to understand for politicians and non-experts, they may not be the most appropriate 
basis for an analysis of acidification reduction policies. It has been stated by several 
authors that dynamic aspects of acidification are important to consider in studies on the 
impact of acidification on ecosystems. For example Rennings and Wiggering (1997) 
point out that the critical loads concept is only a first approach for protecting the quality 
of complex ecosystems.3 In a study on critical loads and recovery of forest soils, 
Hettelingh and Posch (1994) show the importance of taking into account the time a soil 
or ecosystem needs to recover from excess acid deposition. In addition, De Vries (1993) 
states that critical loads give information about the acceptable levels of acid deposition 
in the long run only. Other natural science studies stressing the importance of analysing 
abatement policy options using dynamic soil acidification models include Holmberg 
(1989), De Vries and Kros (1991), Bull (1995) and Forsius et al. (1997). In a theoretical 
paper Schmieman and Van Ierland (1999) show how acidification of ecosystems can be 
studied in economic modelling by incorporating dynamic aspects of soil acidification. 
They show that the temporal development of soil acidification plays an essential role in 
identifying optimal reduction policies. This study extents that research by an empirical 
application. 
This chapter focuses on a transnational application of an optimisation model that 
integrates an economic model for abatement strategies with advanced dynamic soil 
acidification model. Policy targets are defined in terms of soil quality indicators, i.e. the 
pH, the base saturation and the aluminium ion concentration in the soil solution. 
Dynamic economic aspects of the abatement cost curves are taken into account and 
reduction costs are discounted. Emission reduction strategies that are based on steady 
state critical loads, do not take into account that acidified soils need to recover. Such a 
Although a critical load by it self is not an indicator for environmental quality, critical 
load exceedance can be used as such. 
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5.2.1 The economic optimisation model 
The model calculates cost-effective reduction of emissions of k pollutants that lead to 
acidification of soils for the period 1990 to 2030, with £=SC>2 for sulphur dioxide, 
&=NOx for nitrogen oxides and A=NH3 for ammonia. Emissions after abatement at time t 
are represented by E^(t)and abatement is given by A^(t), with n («=1 to L) 
representing an emitting country and both emission and abatement are expressed in kton 
with lkton=106 kg. Emissions after abatement at t are the initial emissions at t, Ek(t) 
minus abatement 
Ek(t) = Ek(t)-Ak„(t) (1) 
Emissions of country n are transported through the air to a receptor grid cell g, and 
depositions in a receptor grid cell g can be calculated using source-receptor matrices 
M 4 (with dimensions GxL ). These source receptor matrices are assumed to be constant 
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strategy only focuses on the target load (e.g. the maximum deposition). The cost-
effective strategy would be to reach that target deposition as late as possible in time and 
emission reduction will just be sufficient to meet the deposition targets. At the moment 
that the critical load is met, soils can still be acidified because soils only slowly recover 
if depositions are equal to the critical load. Since the dynamic approach taken here 
focuses on soil quality it incorporates soil recovery with the corresponding depositions 
lower than the critical load because a lower critical load is needed to realise soil 
recovery. Schmieman and Van Ierland (1999) give a detailed analysis and motivation of 
this argument. By integrating an economic model and a soil acidification model that 
relates soil quality indicators to acidifying deposition in a dynamic way, it is possible to 
determine optimal reduction strategies based on soil quality targets. 
The aims of this study are therefore: i) to develop and apply an economic 
optimisation model that includes a dynamic soil acidification model and ii) to show how 
cost-effective reduction strategies for SO2, NOx and NH3 can be investigated while 
taking into account dynamics in soil acidification. In principle, the optimisation model 
covers the whole of Europe, but as an illustrative case study we limit the impacts side of 
the application to Ireland and the United Kingdom. 
In the next section we describe the soil acidification model and the data. In 
Section 5.3 we present and analyse our model results. In the final section we draw 
conclusions and give recommendations for further research. 
5.2 Model description, application and data 
Chapter 5 
over time and were taken from the RAINS model (Amann et al., 1997b).4 Depositions 
of S and N (in moles of charge per m 2 per year or molcm^yr"1) in all grid cells are 
calculated by multiplication of the emission vectors of S0 2 , NO x and NH3, respectively 
Es„o2(t), E"°*(r) and Ef 3(r) with dimensions L x 1) by the corresponding source-receptor 
matrix 
S(7) = M s o 2 E f (?) (2) 
N(r) = MmxEl0X (t) + M"HEf 3 (/) (3) 
where S(t) and N(r) are the deposition vectors (with dimensions G x 1). The abatement 
costs functions C^(A^(t)) are piece wise linear functions and increasing in A^{t) at 
any time t. 
Total reduction cost (TQ is calculated as the sum of the discounted reduction 
costs of all pollutants in all countries from 1990 to 2030 plus the total discounted 
reduction costs beyond 2030 to infinity 
1 3 /2030 ^ 
rc = £ £ ƒ e-^m)Cl(4(t))dt+±C(4(2030))e^ (4) 
Where e" is the discount factor. The second term in equation (4) is called a 'scrap 
value function' and it is the value of the discounted reduction costs that are necessary to 
keep the reduction level after 2030 constant at the level of the year 2030 (which is the 
approximation of a limit to infinity). The scrap value depends on the terminal time and 
the policy target in terms of a critical aluminium ion concentration in the soil that has to 
be met after 2030 as stated in equation (6). 
We want to find the abatement path A^(t) that minimises the sum of the 
discounted total reduction costs Vof all pollutants in all countries from 1990 to 2030 
plus the discounted reduction costs beyond 2030 to infinity (omitting subscript t): 
n k 
/2030 
e-n,-^Ck (Ak ) d t + 1 c { A k ( r ) ) g - (5) 
subject to 
[Al\g{t)<[All<g{t) for t>f (6) 
and equations (1) to (3), and equations (9) to (15). 
Equation (6) states a policy target: the aluminium ion concentration should be less 
or equal to a critical aluminium ion concentration ([Al]csxg(t)) after a defined point in 
time, f. The elements of the deposition matrices S and N link the soil acidification 
model, described in Section 5.2.3 and given in equations (9) to (15), with the economic 
4 The source-receptor matrices (the transfer coefficients) include a factor that translates 
emissions of pollutant k in kton to acid equivalents per hectare. 
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part described in equations (1) to (3) and (5). The model was formulated and solved in 
the GAMS programming system (Brook et al., 1992). 
5.2.2 National abatement cost curves 
The cost curves for unabated emissions in 2010 are taken from the RAINS model's 
(Amann et al., 1997b) energy pathways as described in Section 5.2.4, and assuming that 
no abatement has taken place in 2010. The methodology to estimate national abatement 
cost functions that are used in RAINS for sulphur emission reduction costs is described 
by Cofala and Syri (1998b), for nitrogen oxides by Cofala and Syri (1998a) and for 
ammonia by Klaassen (1991). Cost curves are constructed by ranking the available 
emission control options for various emission sources according to their marginal costs. 
The control options are combined with the potential for emission reduction determined 
by the properties of the fuel and abatement technologies. The cost curves are 
constructed based on the calculated unit cost, first for every sector and then for the 
whole country. Technologies characterised by higher costs and lower reduction 
potentials are considered as not cost-efficient and are excluded from further analysis. 
The marginal costs are calculated for each sector. The remaining abatement options are 
finally ordered according to increasing marginal costs. They form a piece wise linear 
cost curve for each country with each piece representing a particular abatement option 
with constant marginal costs (Cofala and Syri, 1998b). Figure 5-1 gives an example of a 
piece wise linear cost curve. 
The national abatement cost curves for the years between 1990 and 2010 are 
derived from the 2010 cost curves by a horizontal and a vertical shift based on a linear 
interpolation of the cost curve of 1990 and 2010. From 2010 the cost curves are 
assumed to remain constant at their 2010 level. TC(t) is the total reduction cost in 
million ECU of 1990 at time t. The maximum total reduction cost (million ECU of 
1990) at time / {TC{t)) is a linear interpolation of the maximum reduction cost point at 
the RAINS cost curve of 2010 (rC2 m 0 1 0) and the maximum reduction cost at the 1990 
cost curve. TC2oio(A2ow) is the RAINS cost function in 2010 which is the total reduction 
cost (million ECU of 1990) as a function of abatement A(t) (kton). Am{t) is the 
maximum abatement level (kton) at time t which is a linear interpolation of the 
maximum abatement point at the RAINS cost curve of 2010 (Afow) and the maximum 
abatement point at the cost curve of 1990. 
Am(t) 
The factor ( — ^ ) horizontally shifts every abatement point on the 2010 cost 
A2010 
curve (A2010) to the abatement level at time t (A(t)). The abatement level is given by 




The total abatement cost at t (TC(t)) is related to abatement cost at the RAINS 
2010 cost curve by the corresponding abatement level A2010 of the 2010 cost curve. The 
TCm(t) 
vertical shift is given by the factor — ^ . For each country the total reduction cost is 
given by 
TC(t) = ^ P-TC2m{A2010) (8) 
For a given country and a given year, this procedure gives two fixed points: i) the 
zero abatement (with zero costs) point and ii) the point for Maximum Feasible 
Reduction with the corresponding maximum reduction costs. All intermediate points are 
scaled based on the shape of the 2010 cost curve. For the years from 2010 the cost 
curves are assumed to remain constant at their 2010 level. 
Figure 5-1: SO2 abatement cost curves in the United Kingdom in 2010, 2000, 1990 as 
used in our model and the abatement cost curve in 1990 from RAINS (Amann et al, 
1997b). 
Figure 5-1 shows the total abatement cost curves for SO2 in the United Kingdom 
in the years 1990, 2000 and 2010. The abatement cost curve in 2010 is identical to the 
corresponding RAINS cost curve. The RAINS abatement cost curve in 1990 is shown 
for comparison with the calculated abatement cost curve in 1990. The shift of abatement 
cost curves can be up-wards or down-wards depending on the country, the energy 
pathway and the pollutant. Abatement cost curves for nitrogen oxides and ammonia 
show similar characteristics. 
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5.2.3 The dynamic soil acidification model 
In this section we describe the simple dynamic soil acidification model used in this 
study. A full description of the soil model can be found in Reinds et al. (2000). 
As an indicator for the soil quality one can use the pH or the aluminium ion 
concentration in the soil solution. One can also use the number of sites at the exchange 
complex of the soil matrix occupied by base cations5, which can be exchanged with 
protons and/or aluminium ions. This number of sites is given by B(t)CECa, where 
CECa is the cation exchange capacity of the rooting zone, a soil property, and B{t) is the 
so-called base saturation, the fraction of the exchange capacity occupied by base cations 
at time t (0<S(/)<1). The base saturation is a measure for the acid neutralisation capacity 
of the soil, and also for (part of) the availability of base cations for forest growth. The 
net acid input (deposition) and the leaching of acidity drive the change over time of the 
base saturation. To make the model suitable for use in integrated assessment analysis 
the number of different soil types has been aggregated to five. 
In this study, we focus on the aluminium ion concentration in the soil solution, 
because there is evidence that adverse effects on forest ecosystems can occur with an 
aluminium ion concentration of 0.2 molcm"3 or higher. This level is based on results for 
red spruce, indicating statistically significant biomass reductions at a concentration of 2 
mgl"1, and therefore considered the most sensitive tree species (Cronan et al., 1989). 
This is a very stringent criterion, since several common tree species in Europe, such as 
Scots pine, Norway spruce, European oak and beech are considered much less sensitive 
to aluminium. The base saturation, B(t), is a stock quantity and is expressed as a fraction 
of the cation exchange capacity. The change over time of the base saturation in a soil 5 
in EMEP6 grid cell g,Bsg(t), is assumed to be proportional to the difference between 
the net acid input (Ac""'g(t)) to the soil and the acid leaching (Ac'seg(t)) from the soil, 
according to (for explanation of the symbols and units see Table 5-1): 
^ t ) = - c ^ ^ ( t ) - A < ^ ( 9 ) 
with CECas,g is the cation exchange capacity multiplied by bulk density soil thickness. 
The net acid input, equals the sum of atmospheric deposition of sulphur (S) and 
nitrogen (N) corrected for base cation (SBCS:g) deposition. In the soil, S removal is 
generally negligible, but the acidifying impact of N is less due to the removal of TV by 
denitrification, uptake and immobilisation (captured by f"g ). Furthermore, there may 
be a net release of base cations by weathering corrected for uptake (captured by SBCs,g). 
The net input of acidity is thus calculated as: 
5 These base cations are Calcium (Ca), Magnesium (Mg), Potassium (K) and Sodium (Na) 
6 The Cooperative Programme for the Monitoring and Evaluation of the Long-Range 
Transmission of Air Pollutants in Europe (EMEP) has developed atmospheric dispersion 
models. Most of the input and output data of these models are based on the so called 
EMEP 150 by 150km grid cells (see also Figure 5-2). 
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AcZ(t) = Sg(t) + f£Ng(t)-SBC,ig (10) 
The acidity leaching equals the leaching of the sum of FT" concentration in the soil 
solution ([H]s,s(t)), the aluminium ion concentration in the soil solution [Al]s>g(0 and the 
HCO3 concentration in the soil solution ([#C,Cys,g(0), being calculated as 
^ ^ « = ^ , g([^L,,(0+[^L, g(0-[^co 3] s > g(o) (ID 
Table 5-1 : Variables and parameters used in the soil model. 
Variables (dependent on time) units 
< ( 0 net acid input (deposition) molcm"
2yr"' 
sg(t) total sulphur deposition molcm^yr"
1 
m total nitrogen deposition m o l c m V 1 A<g(0 acidity leaching m o l c m - y 
Bs,g(t) base saturation fraction 
[Al]s,g(t) aluminium ion concentration in the soil solution molcm"3 
IT concentration in the soil solution molcm"3 
[HCOtUfi HCO3 concentration in the soil solution molcm"3 
pH is equal to -log10([//](f)) -
Parameters values units 
®si bs> Cs* empirical parameters see Table 5-2 -
ds empirical parameters see Table 5-2 m
3molc"' 
CECas,g cation exchange capacity multiplied by data baseb molcm"2 
bulk density soil thickness 
/'net 
J *,g the fraction of N that causes acidification after data base
b -
correcting for the occurrence of denitrification 
and immobilisation 
PSs.g precipitation surplus data baseb myr"1 
SBCSig net input of base cations by deposition plus data baseb molcm"2yr"' 
weathering minus uptake and removal of N 
by forest growth uptake" 
KAF Gibbsite equilibrium constant, soil classes 1 to 4 300 molc"2m6 
Gibbsite equilibrium constant, for soil class 5 3 molc"2m6 
KC02 dissociation constant of CO2 (at 10°C) 0.0189 (mol l"1)2 arm"1 
pC02 partial pressure of C0 2 in soil 0.00948 atm 
s index for soil class 5=1 to 5 
g index for grid cell Z=l to G 
These data also depend on forest type, however data are presented as the average over 
the soil type in a grid cell, 
see Reinds et al., (2000). 
The [H]s,s(t) concentration is related to the pH, which was calculated in an 
empirical way as a function of base saturation and acid concentration according to 
(where as, bs, cs and ds are estimated parameters): 
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[H\g(t) = lOi-pH"{') (12) 
Acm'(t) 
PHsJt) = as+ bs(Bsg(t)-0.5) + cs(Bsg(t) -0.5)9 - d , ( 1 3 ) 
The concentrations of L4/]s,g(/) and [//C0j]Sjg(?) are calculated from chemical 
equilibria, with KALox is the gibbsite equilibrium constant, according to : 
[Al]sJt) = KAr[Hlg(t) (14) 
[HC03l(t) = KC°2pC°2 (15) 
•g m,g(t) 
where KCO2 is the dissociation constant of C0 2 (at 10°C) and pCO-2 is the partial 
pressure of CO2 in soil. 
Following this approach, the base saturation was annually updated (1960 to 1990) 
as a function of the atmospheric input of S and N and related to pH and aluminium ion 
concentration. The base saturation depends on soil characteristics and the deposition 
history. The base saturation for the starting year of 1990 has been derived from a soil 
data base for Europe and historical deposition patterns of sulphur and nitrogen (Reinds 
et al., 2000). 
Table 5-2: Soil classes and their estimated parameters for the pH-base saturation relationship 
Source: Reinds et al.(2000). 
coefficients 
s Soil classes as bs cs ds (m'molc"
1) 
1 Sandy soils 5.100 0.939 465.9 0.0565 
2 Loamy soils 4.861 1.207 550.9 0.1160 
3 Clay soils" 4.828 0.981 692.6 0.0855 
4 Heavy clay soils" 4.828 0.981 692.6 0.0855 
5 Peat soils 5.054 1.084 728.1 0.0715 
The soil classes 3 and 4 have the same estimated coefficients, but differ in input from the 
database (see for more details Reinds et al. 2000). 
Equation (13) is an empirical relationship between the pH and the base saturation 
and replaces a set of exchange equations used in deterministic soil acidification models 
such as Simulation Model for Acidification's Regional Trends, SMART, (De Vries et 
al., 1989). For our application the parameters as, bs, cs and ds (see Table 5-2) are derived 
from SMART simulations for the period 1960-1990 using a European data base of 
about 100,000 forest soil combinations (Reinds et al, 2000). 
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5.2.4 Model application and data 
The aim of the dynamic soil acidification optimisation model is to calculate cost-
effective strategies for the reduction of acidification in Europe taking into account the 
dynamic processes related to soil acidification. At a European level, this would imply 
calculations for about 600 land based grid cells and about 200 soil types. Solving this 
model for a time horizon of 40 years requires large computer capacity and a long 
calculation time. We reduced the size of our model because of computer limitations and 
for analytical purpose. The number of distinguished soils has been reduced to 5 soil 
classes as described in Section 5.2.3. The assessment of impacts in our calculations 
(depositions and soil acidification) is limited to the land based grid cells of Ireland and 
the United Kingdom (the grey shaded grid cells in Figure 5-2). 
Figure 5-2: The model includes the area of Europe covered by the EMEP grid cells as 
shown in this figure. For this application only impacts and soil quality targets for land 
based grid cells in the United Kingdom and Ireland are incorporated (the grey shaded 
grid cells). 
We selected these two countries because they have relatively high depositions of 
S and N that originate from domestic sources (see Appendix 5-C). This implies that the 
two countries themselves can control most of the depositions. We take data from the 
RAINS model whenever possible (emissions and emission reduction cost, source-
receptor matrices). In the optimisation analysis, we only take into account the countries 
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For a detailed description of the energy and agricultural pathways the reader is referred to 
IIASA's 6 th Interim Report to the European Commission DG-XI pp. 49-51 (Amann et al., 
1998b) and IIASA's 7* Interim Report to the European Commission DG-XI p. 9 and p. 
35 (Amann et al, 1999). 
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from which emissions have a significant impact on acid deposition in the United 
Kingdom and Ireland. The selection criterion is based on the country to grid cell source-
receptor matrices for each pollutant. Countries are excluded from the analysis when 
their emissions of each pollutant contribute less than 0.2% to the total depositions onto 
all land based grid cells in the United Kingdom and Ireland. In this way at least 99% of 
the total controllable deposition (i.e. excluding background depositions) are endogenous 
to our model. Appendix 5-C gives an overview of the relative contributions of European 
countries (or regions). Background depositions and depositions from sources at sea are 
included in our model but as constant given values. 
Although the impacts considered in our application of the model is geographically 
limited to Ireland and the United Kingdom, the emission module include 43 countries 
(including sea regions, see Appendix 5-A). Emission data are taken from the RAINS 
model (Amann et al., 1997b). Emissions largely depend on energy use and the emission 
control strategy. The control strategy is the no control strategy with zero abatement for 
all three pollutants. Energy use is based on defined energy pathways, which are used to 
calculate SO2 and NOx emissions as follows. For the 15 European Union countries (EU-
15) the energy pathways are either 'national pathways' or 'business as usual' as described 
and used in the 6 t h and 7 t h interim report to the EU and in the calculations for the 
UN/ECE (Amann et al, 1998b; Amann et al., 1999). For the non-EU countries the 
energy pathways are the 'official energy pathways'. NH3 emission data are generated 
using 'official agricultural pathways 1998'.7 
5.3 Model results: Spatial and intertemporal cost-effective emission 
reduction 
We used our model to evaluate two cases: 
(i) The reference scenario in which no abatement takes place in European countries 
(where abatement is defined as emission reduction by technical means). The 
model calculates soil quality indicators resulting from the reference scenario 
emissions. 
(ii) An abatement strategy in which our model calculates optimal abatement paths for 
39 European countries (plus exogenous emissions of four sea areas) given a soil 
quality target (an aluminium ion concentration of 0.2 molcm"3 or less) for the 
United Kingdom and Ireland to be reached in the year 2010 and maintained 
afterwards. 
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5.3.1 Reference scenario: no abatement 
In the reference scenario no technical emission reduction measures are assumed to be 
implemented in Europe so that the emissions for each year are the result of the 
(exogeneously given) national agricultural and energy pathways as described in Section 
5.2.4. The reference scenario emissions for 1990 and 2010 are presented in Appendix 
5-B. The reference scenario emission levels for the years between 1990 and 2010 are a 
linear interpolation of the emissions in 1990 and 2010. From 2010 emissions are 
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Figure 5-3: Total emissions ofSC>2, NOx and NH3 in Europe in the reference scenario in 
1990 and 2010. Changes in emissions result from changes in energy use and fuel mix. 
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Figure 5-4: Deposition of S and N (molc m2 yf1) in Southeast United Kingdom (EMEP 
grid cell 18/14) in the reference scenario. 
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The energy pathway describes the fuels used by sectors and this pathway 
determines the reference scenario emissions of sulphur dioxide and nitrogen oxide to a 
large extent. Between 1990 and 2010, fuels with high sulphur content are expected to be 
replaced by fuels with low sulphur content in the reference scenario. These fuel 
switches largely affect emissions. For example, the switch to fuels containing less 
sulphur in the United Kingdom leads to almost 50% reduction of S0 2 emissions in 2010 
relative to 1990, without any application of end-of-pipe abatement technologies (see 
Appendix 5-B for emission levels). 
It is important to note that total European S0 2 emissions will decrease by 26% in 
2010 relative to 1990 in the reference scenario (Figure 5-3). Figure 5-3 also shows that 
emissions of NOx and NH3 remain constant over time. Thus, with the given energy 
pathway, acid deposition decreases and the acidification problem will be less in 2010 
compared to 1990 in the reference scenario. We define abatement as the reduction of 
emissions by means of technical measures (e.g. fuel desulphurisation and end of pipe 
technologies) and the unabated emission levels are the reference scenario emission 
levels. 
Figure 5-5 shows the temporal development of the soil quality as represented by 
the aluminium ion concentration for the five soil classes (see Table 5-2). Soils with 
aluminium ion concentrations < 0.2 molcm"3 are considered to be in good shape (see 
remarks in Section 5.2.3). The aluminium ion concentration in the soil solution of heavy 
clay soils (class 4) and peat soils (class 5) remains below 0.2 molcm"3 during the whole 
period. Sandy soils (class 1), loamy soils (class 2) and clay soils (class 3) are most 
affected by acidification and therefore we focus on these three classes in the remainder 
of this chapter. Soils (except for clay soils, class 3) slightly recover from acidification 
between 1990 and 2030 as a result of the decrease in S0 2 deposition in the reference 
scenario (see Figure 5-5). 
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Figure 5-5: The temporal development of the aluminium ion concentration [Al3+J (molc 
m ) for the five soil classes in the reference scenario (no abatement through end of pipe 
technologies). 
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Aluminium concentration in 
the soil solution (mol c rrf 3 ) 
< 0.050 
0.050 - 0 . 1 0 
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>0.20 
Figure 5-5 (continued): The temporal development of aluminium ion concentration 
[Al3+] (molc m3) for the five soil classes in the reference scenario(no abatement through 
end of pipe technologies). 
5.3.2 An Optimal Abatement Strategy 
In this section we derive a cost-effective reduction strategy that minimises the sum of 
the abatement costs for the European countries included in our analysis (see Appendix 
5-C) for all pollutants for all years (see equation (5)), necessary to achieve defined soil 
quality targets in the United Kingdom and Ireland in 2010 and maintained afterwards as 
formulated in equation (16). In Section 5.2.3 we justified the critical aluminium ion 
concentration of 0.2 molcm"3 and we chose 2010 because the current acidification 
reduction strategies (United Nations, 1979; United Nations, 1999b) are formulated 
based on deposition targets specified for 2010. Therefore, our soil quality target is 
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[AllXig{t)<Q.2molcm-3 for r>2010 (16) 
The optimal emission reduction time paths are depicted in Figure 5-6 for S0 2 and 
in Figure 5-7 for NO x as percentage of unabated emissions for the most important 
countries. Table 5-3 gives the abatement levels for selected years. The general tendency 
in our model results is that abatement increases in time with the highest abatement 
levels for all pollutants in 2010. Optimal S0 2 abatement levels for the United Kingdom 
range up to 92% of the reference scenario emissions, optimal NOx emissions up to 58%. 
For other countries the abatement is lower. NH3 abatement contributes least to the 
decrease in deposition both in relative and in absolute terms. Optimal S0 2 and NOx and 
NH3 emissions reduction percentages are given in Figure 5-6, Figure 5-7 and Figure 
5-8. Ammonia emission reduction is not very cost-effective to achieve the soil quality 
targets in the United Kingdom and Ireland. Only ammonia abatement in The United 
Kingdom, The Netherlands, France and Belgium plays some role. 
Given a soil quality target at a certain location, the cost-effectiveness of emission 
reduction measures in a certain country at a certain time is defined by four factors: 
i) the marginal cost, 
ii) the discount rate, 
iii) the impact of emissions of S0 2 , NO x and NH3 on depositions of S and N, i.e. the 
coefficients in the source-receptor matrices, 
iv) the instantaneous impact of S and N deposition on the soil quality. 
In the cost-effective reduction strategy, emission reduction of S0 2 turns out to be 
most cost-effective, and the reduction percentage are highest (compare Figure 5-6, and 
Figure 5-7 and Table 5-3). This can be explained by the relative low marginal costs of 
S0 2 abatement compared to marginal reduction costs of NOx and NH3. The coefficients 
in the source-receptor matrices differ not too much for sulphur dioxide and nitrogen 
oxides so the relative cost-effectiveness of reduction measures in different countries is 
not affected by the physical characteristics of atmospheric transport. Ammonia 
emissions are transported over smaller distances than sulphur and nitrogen oxides which 
affects the cost-effectiveness of abatement measures for ammonia is lower outside the 
United Kingdom and Ireland. The characteristics of atmospheric transport together with 
the high marginal reduction costs of NH3 (high relative to S0 2 and NO x marginal 
reduction costs) makes that NH3 reduction takes place only in the United Kingdom, 
Netherlands, Germany, France, Poland, Denmark and Belgium and for low reduction 
percentages only (see Figure 5-8). The discount rate is important for the timing of 
emission reduction. In explaining differences between cost-effectiveness of emission 
reduction in countries it is less important since we assume the same discount rate for all 
countries. The instantaneous impact of a unit (kg) change in S0 2 emission on the soil 
quality is higher than the effect of a unit (kg) change of N0 X or NH3 emissions because 
of the net effect of the differences between S0 2 and NO x in molecular weight and 
acidifying capacity on a molar base (Posch et al., 1997) and the losses of nitrogen from 
the soil after deposition of NOx or NH 3 because,/"" < 0.47 in equation (10). 
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Figure 5-6: Optimal SO2 abatement (% of unabated emissions) in the 10 countries that 
contribute most to acidification in Ireland and the United Kingdom (see Appendix 5-A 
for country abbreviations). 
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Figure 5-7: Optimal NOx abatement (% of unabated emissions) in the 10 countries that 
contribute most to acidification in Ireland and the United Kingdom (see Appendix 5-A 
for country abbreviations). 
Remote countries (e.g. Poland) only play a role in the Optimal Abatement 
Strategy because the environmental targets are stringent (see Section 5.2.3). The peaked 
pattern of the abatement paths in Figure 5-6 and Figure 5-7 is caused by the way the 
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national cost curves are implemented in our model. For the piecewise linear cost curves 
every piece represents an abatement technique with constant marginal costs (see Figure 
5-1). Because of these constant marginal costs, a technique is cost-effective for its full 
reduction potential or not cost-effective at all and thus not used.8 
Our model shows that to reach a 'good' soil quality high reductions are necessary 
compared to reductions based on a critical loads approach that does not account for soil 
recovery. 
At the end of 2010 the targets are reached, and the soil quality has improved in 
terms of the aluminium ion concentration ([Al]<0.2 molcm"3) for all soils in Ireland and 
the United Kingdom. Up to 2010, reduction levels are considerably higher than after 
2010 (see Figure 5-6, Figure 5-7 and Table 5-3) in our dynamic model, because 
improving a soil requires a lower acid deposition and higher abatement levels than 
maintaining the soil quality at a given level. The emission levels after 2010 can be 
interpreted as the emission levels that correspond with critical load depositions based on 
a critical value for the aluminium ion concentration of 0.2 molcm"3. 
30 n 
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Figure 5-8: Optimal NH3 abatement (% of unabated emissions) in the 10 countries that 
contribute most to acidification in Ireland and the United Kingdom most (see Appendix 
5-A for country abbreviations). 
The strong peak reduction in 2010 (illustrated in Figure 5-6 to Figure 5-8) and the 
corresponding temporary decrease in deposition (illustrated in Figure 5-10) can be 
explained as follows. The instantaneous response of a soil's quality to a change in acid 
8 Only if the targets are fulfilled "half way' the application of a technique, the technique will 
not be fully applied, and some reduction potential will not be used. This only applies to 
the last technique added to meet the targets. 
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2000 2005 2010 2030 2000 '2005 2010 2030 
BELG 389 399 448 293 5 20 32 6 
CZRE 1212 1188 1171 0 0 0 73 0 
DENM 190 202 207 0 13 12 24 0 
FRAN 480 737 848 373 0 0 55 0 
GERM 3997 3522 3352 674 74 320 422 0 
IREL 155 175 185 100 4 7 14 4 
LITH 0 0 60 0 0 0 0 0 
LUXE 0 0 0 0 0 0 0 0 
NETH 239 253 245 215 24 40 109 27 
NORW 0 0 31 0 0 5 5 0 
POLA 1373 2339 2812 0 0 0 147 0 
PORT 0 0 0 0 0 0 0 0 
SPAI 0 0 975 0 0 0 0 0 
SWED 0 46 156 0 0 0 2 0 
SWIT 0 0 0 0 0 0 0 0 
UNKI 2589 2182 1775 1728 302 404 1605 293 
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deposition can be relatively large. In finding the Optimal Abatement Strategy our model 
tries to postpone emission reduction because of the time preference resulting from the 
discount rate. 
Basically our model trades off low reduction levels with relatively low marginal 
costs early in time against high reduction levels with relatively high marginal costs just 
before the soil quality target has to be met and the latter option is most cost-effective. In 
the present model, we assume that abatement technologies can be implemented in one 
year and removed in the next year without additional costs, which also leads to peak 
reduction in 2010. In reality, most investments in reduction techniques cannot be 
implemented and removed in a short period because they have long life times. Only 
some techniques can be used without high investments, for example, the use of low 
sulphur fuels is reversible in the short term. Therefore, this assumption needs 
modification in future analysis. 
Environmental effects are shown in Figure 5-10 for deposition and in Figure 5-9 
for the soil quality (the aluminium ion concentration in the soil solution). Figure 5-10 
shows the optimal deposition for S and N in EMEP grid cell 18/14. Depositions adjust 
to levels that correspond with the critical load for soil class 1 in that grid cell after 2010. 
Figure 5-9 shows the temporal development of the soil quality for sandy soils, 
loamy soils and clay soils. Some soils (mostly sandy soils, but also loamy soils) in the 
East of the United Kingdom just reach the minimum required soil quality in 2010. Large 
areas further recover in the period to 2030 and no acidified soils remain. 
Table 5-3: Abatement levels for S0 2 and NOx (abatement in kton per year) for 2000, 2005, 2010 
and 2030 in the Optimal Abatement Strategy (see Appendix 5-A for country abbreviations). 
S0 2 abatement NO, abatement 
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Figure 5-9: The aluminium ion concentration in the soil solution (molc m'3) of three 
soil-texture combinations (soil classes 1,2 and 3) under the Optimal Abatement 
Strategy. 
Current European reduction policies are based on deposition targets related to 
critical loads and critical levels. An example of this approach is the second sulphur 
protocol (United Nations, 1994) and the most recent protocol to abate acidification 
eutrophication and ground-level ozone (United Nations, 1999a)). 
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The underlying analysis does not take into account the high reduction levels that 
are required to realise an improvement of soils. Our model takes into account soil 
recovery and illustrates that emissions need to be reduced more than the levels 
corresponding with critical loads. From 2010 the soil quality has to be maintained at the 
critical level, and lower abatement is sufficient. 
The policy target formulated in equation (16) turns out to be a stringent target that 
requires high abatement levels in several European countries. High abatement levels are 
even necessary in countries that are far away and have only small impacts on 
depositions in Ireland and the United Kingdom, for example Poland. Most effects of 
emission reduction in continental countries on depositions occur in continental Europe. 
Therefore, large benefits in terms of improvement of soil quality occur outside the 
models' geographical area and are not reflected in the results reported here. 
S deposition - optimal abatement strategy 
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Figure 5-10: Deposition (molc m2 yf1) of S and N in the Southeast part of the United 
Kingdom (EMEP grid cell 18/14) in the Optimal Abatement Strategy. 
5.4 Discussion and Conclusions 
This chapter shows that it is possible to integrate a dynamic economic optimisation 
model with a dynamic soil acidification model to calculate cost-effective emission 
reduction strategies. We performed an optimisation analysis and analysed a cost-
effective way to realise defined soil quality targets in the United Kingdom and Ireland 
in 2010 and onwards. 
The model as it is presented here has some limitations. We assumed that 
abatement techniques can be implemented one year, become fully available in the same 
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year, and can be removed in the next year. However, it is not realistic to assume that 
large investments in abatement technologies are reversible in the short term, therefore, 
in this respect the model needs modification. 
The impact of acidifying deposition on soils is modelled for Ireland and the 
United Kingdom only. This means that spill overs to other areas in terms of decreased 
acid depositions and increased soil quality are not considered. Also the policy target is 
rather stringent (both in time and by the soil quality target), implying high reduction 
levels even in countries that have a limited effect on depositions in Ireland and the 
United Kingdom. 
In evaluating the results, one has to be aware that the study focuses on 
acidification only, assuming that an aluminium ion concentration of 0.2 molcm"3 is a 
critical limit. First of all, this criterion is stringent since it is based on red spruce, being 
one of the most sensitive tree species. As an alternative it would be better to use tree 
species specific criteria for example an Aluminium to base cation ratio (Sverdrup and 
Warfinge, 1993). Furthermore, other effects of nitrogen due to eutrophication, such as 
an increased sensitivity to natural stress and nutrient unbalances, may be more 
important than acidification (De Vries, 1994). Use of additional N targets, such as N 
contents in foliage or nitrate concentrations in water, may lead to different results. Our 
study only illustrates the effect of a given stringent target related to soil acidification. 
Despite the above mentioned limitations of the model we can draw some 
important conclusions. Our results indicate that in order to reach the acidification targets 
for the United Kingdom and Ireland sulphur dioxide emissions have to be reduced by 
almost 90% and nitrogen oxides by about 60% in some European countries. In this cost-
effective solution, that only focuses on acidification and not on eutrophication, 
ammonia emission reduction plays a minor role. Sulphur dioxide reduction is more 
effective in reducing acidification in physical terms than nitrogen oxide and ammonia 
abatement. The analysis indicates that sulphur reduction is most cost-effective followed 
by nitrogen oxide reduction and that ammonia reduction is least cost-effective in 
acidification abatement. Our results also point out that a fast improvement of the soil 
quality requires high emission reduction levels, much higher than reductions that would 
be based on a critical loads approach. When the soil quality targets are reached, less 
stringent emission reductions are sufficient to maintain the soil quality on a constant 
'good' level. Including dynamic aspects may have considerable implications for the 
results of optimisation analyses. Most importantly, static critical loads approaches that 
ignore dynamical aspects may underestimate the emission reductions needed to achieve 
predefined soil quality targets. 
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Appendix 5-A: Description of country abbreviations 
Country abbreviation Country region 
ALBA Albania whole country 
ATLO Atlantic Ocean whole sea region 
AUST Austria whole country 
BALS Baltic Sea whole sea region 
BELA Belarus whole country 
BELG Belgium whole country 
BOHE Bosnia Herzegovina whole country 
BULG Bulgaria whole country 
CROA Croatia whole country 
CZRE Czech Republic whole country 
DENM Denmark whole country 
ESTO Estonia whole country 
FINL Finland whole country 
FRAN France whole country 
GERM Germany whole country 
GREE Greece whole country 
HUNG Hungary whole country 
IREL Ireland whole country 
ITAL Italy whole country 
LATV Latvia whole country 
LITH Lithuania whole country 
LUXE Luxembourg whole country 
MACE FYR of Macedonia whole country 
MEDS Mediterranean Sea whole sea region 
MOLD Rep. of Moldova whole country 
NETH Netherlands whole country 
NORS North Sea whole sea region 
NORW Norway whole country 
POLA Poland whole country 
PORT Portugal whole country 
ROMA Romania whole country 
RUKA Russian Feder. Kaliningrad region Kaliningrad region 
RUKO Russian Feder. Kola, Karelia region Kola, Karelia region 
RURE Russian Feder. Remaining Russia Remaining Russia 
RUSP Russian Feder. St Petersburg region St Petersburg region 
SKRE Slovakia Republic whole country 
SLOV Slovenia whole country 
SPAI Spain whole country 
SWED Sweden whole country 
SWIT Switzerland whole country 
UKRA Ukraine whole country 
UNK1 United Kingdom whole country 
YUGO Yugoslavia whole country 
Source: RAINS (Amann et a l , 1997b) 
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Appendix 5-B: Unabated emission (kton) of S 0 2 , NO x and NH 3 for 
1990 and 2010 
1990 emissions (kton per y ear) 2010 emissions (kton per year) 
Country S0 2 NOx NH3 so 2 NOx NH3 
ALBA 72 24 32 55 36 35 
AUST 262 262 • 77 170 288 67 
BELA 843 402 219 494 316 163 
BELG 482 375 97 515 429 96 
BOHE 487 80 31 415 64 23 
BULG 1841 354 141 1684 314 126 
CROA 180 83 40 146 93 37 
CZRE 1922 522 107 1295 437 108 
DENM 282 290 77 235 249 72 
ESTO 275 84 29 175 73 29 
FINL 308 277 40 406 325 31 
FRAN 1392 1991 807 1037 2059 777 
GERM 6950 3719 757 3749 3657 572 
GREE 551 350 80 1139 631 74 
HUNG 913 214 120 1101 282 137 
IREL 184 113 127 207 168 130 
ITAL 3017 2062 462 2875 2288 432 
LATV 121 117 43 104 118 35 
LITH 213 152 80 107 138 81 
LUXE 15 22 7 12 23 9 
MACE 107 39 17 81 31 16 
MOLD 197 87 47 117 66 48 
NETH 327 593 233 297 733 191 
NORW 52 234 23 62 297 21 
POLA 2999 1209 505 3271 1404 541 
PORT 304 208 71 273 328 67 
ROMA 1331 518 292 1023 458 304 
RUKA 44 29 11 23 25 11 
RUKO 739 111 6 571 86 4 
RURE 3921 3126 1221 2352 2517 845 
RUSP 308 220 44 173 170 33 
SKRE 548 207 60 260 209 47 
SLOV 207 60 23 152 58 21 
SPAI 2244 1162 352 1405 1592 383 
SWED 258 378 61 291 438 61 
SWIT 62 218 72 69 247 66 
UKRA 3706 1888 729 1926 1433 649 
UNKI 3805 2839 329 2079 2782 297 
YUGO 585 211 90 459 166 82 
Sea región 
ATLO 641 911 0 641 911 0 
BALS 72 80 0 72 80 0 
MEDS 12 13 0 12 13 0 
NORS 439 639 0 439 639 0 
Sum 43216 26470 7558 31969 26670 6719 
Source: RAINS (Amann et al., 1997b) 
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% cum.% % cum.% % cum.% 
Endogenous sources 
48.73 IREL 42.04 42.04 37.16 37.16 48.73 
UNKI 33.68 75.72 26.93 64.09 41.11 89.83 
NETH 5.90 81.62 8.13 72.22 2.22 92.06 
BELG 5.28 86.90 6.76 78.99 2.34 94.39 
GERM 4.13 94.59 6.21 90.12 1.65 98.19 
FRAN 3.56 90.46 4.92 83.91 2.14 96.53 
DENM 1.29 95.88 2.50 92.62 0.72 98.91 
CZRE 0.94 96.82 1.33 93.95 0.19 99.10 
SPAI 0.67 97.49 0.98 94.93 0.17 99.26 
POLA 0.49 97.98 0.89 95.83 0.24 99.51 
LUXE 0.39 98.37 0.29 96.12 0.02 99.53 
SWED 0.32 98.69 1.03 97.14 0.08 99.61 
NORW 0.27 98.96 0.98 98.13 0.07 99.67 
PORT 0.12 99.09 0.53 98.65 0.04 99.72 
LITH 0.12 99.23 0.21 99.11 0.05 99.79 
SWIT 0.02 99.11 0.24 98.90 0.03 99.74 
Exogenous sources 
SKRE 0.13 99.49 0.12 99.50 0.03 99.87 
HUNG 0.13 99.68 0.09 99.70 0.02 99.91 
AUST 0.07 99.30 0.14 99.25 0.06 99.85 
FINL 0.06 99.35 0.13 99.39 -
ITAL 0.06 99.54 0.11 99.62 0.01 99.89 
BELA 0.06 99.74 0.08 99.79 0.03 99.94 
ESTO 0.05 99.90 - -
UKRA 0.04 99.78 0.07 99.86 0.03 99.97 
ROMA 0.04 99.82 0.06 99.92 0.01 99.98 
SLOV 0.02 99.92 - -
RUKO 0.02 99.95 - -
YUGO 0.02 99.96 - 0.00 100.00 
RUSP 0.02 99.98 - -
LATV 0.01 99.83 0.05 99.97 0.01 99.99 
BULG 0.01 99.84 0.02 99.99 0.00 100.00 
RURE 0.01 99.85 0.01 100.00 0.00 100.00 
RUKA 0.01 99.99 - -






Note: 0.00 means that a source contributes to depositions but its magnitude is very small 
(rounded 0.00%). A '-' denotes that a source does not contribute to depositions (exactly 0%). 
Country abbreviations can be found in Appendix 5-A. 
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Appendix 5-C: Relative contribution by European countries to 
acidifying deposition in Ireland and United Kingdom 
Data derived from EMEP source receptor matrices (Amann et al, 1997b). 
S NfromNOx Nf romNHj 
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6 Dynamic Cost-effective Reduction Strategies for 
Acidification in Europe: Optimisation and Scenarios 
Abstract 
This chapter applies an optimisation model that calculates cost-effective abatement 
strategies for the future reduction of acidification at the European level while taking into 
account the dynamic aspects of soil acidification. This is more advanced than the critical 
loads approach, because reduction strategies are based on targets that are defined in 
terms of the aluminium ion concentration in the soil solution, which is an indicator for 
soil quality. 
Given predefined soil quality targets, optimal reduction time paths are determined 
for European countries. A rapid improvement of soil quality to an acceptable level 
requires high emission abatement levels. Once soil quality targets are reached, less 
abatement effort is necessary to maintain the soil quality at a constant level. 
Using our dynamic model we analysed the current European strategy to reduce 
acidification. Results indicate that large forest areas, especially in central Europe, 
remain acidified even after full implementation of the current protocols to abate 
acidification. Model results also suggest that the soil quality that will be realised given 
the current abatement policies can be reached at lower costs if a dynamic optimisation 
approach would be used as a basis for policy making. 
6.1 Introduction 
This chapter applies the model from Chapter 5 at the European level and performs 
scenario analysis and optimisation calculations for Europe. The aims of this chapter are 
(i) to investigate optimal abatement strategies for Europe in a full dynamic approach in 
which emission targets are derived from soil quality targets, e.g. the aluminium ion 
concentration in the soil solution, (ii) to analyse the effects of the current European 
reduction policies on soil quality and (iii) to investigate how and at what costs the soil 
quality resulting from the current reduction policies can be realised in a dynamic 
approach. These aims are achieved by applying the model described in Chapter 5 at the 
European level. 
The following describes the structure of this chapter. In the next section the model 
and input data are explained. In Section 6.3 the 'Reference Scenario' (REF) is 
constructed based on data and model results from the RAINS 7.2 model (Amann et al., 
1997b). The Reference Scenario provides the unabated emission levels that are referred 
to in other scenarios and optimisations as the unabated emission levels, thus before 
implementation of any abatement measures. The Reference Scenario provides an upper 
level of emissions and depositions and, hence, a maximum for environmental effects 
and a minimum level for environmental quality. In Section 6.4, we construct and 
analyse the 'Maximum Feasible Reduction' Scenario (MFR), which differs from the 
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Maximum Feasible Reduction Scenario that is defined in RAINS, but is based on 
RAINS 7.2 data and model results. The Maximum Feasible Reduction Scenario sets a 
lower bound on emissions and depositions. The best achievable soil quality is calculated 
with the MFR Scenario. Section 6.5 presents an optimal dynamic cost-effective 
abatement strategy for given soil quality targets. Section 6.7 analyses the implications 
for soil quality in what we call the 'Gothenburg Scenario'. In this scenario it is assumed 
that countries will meet the reduction obligations that are based on earlier UN-ECE 
LRTAP protocols and the Protocol to Abate Acidification, Eutrophication and 
Groundlevel Ozone' (United Nations, 1999a). Section 6.8 deals with an Optimal 
Abatement Strategy based on soil quality targets that are derived from the Gothenburg 
Scenario. In the 'Gothenburg Optimisation', we investigate the possibility to realise the 
same soil quality targets as in the Gothenburg Scenario in a more cost-effective way. 
Finally, Section 6.9 concludes the chapter. 
6.2 The model and data at the European level 
The structure of the model that we apply in this chapter is described in Section 5.2. The 
reader is referred to that chapter for its mathematical specification. The acidifying 
substances included in the model are sulphur dioxide (SO2) , nitrogen oxides (NOx) and 
ammonia (NH3). Eutrophication caused by nutrients, mainly nitrogen and phosphorus, is 
not taken into account, because the soil model does not include this aspect. 
The model application in this chapter uses data from the RAINS 7.2 model from 
mid 1997 (Amann et al., 1997b) as input data. This was most recent and consistent data1 
available on energy pathways, control technologies and costs and atmospheric 
dispersion in 1997, and could be consistently used in our analysis. We did not 
incorporate more recent data, because it was difficult to construct a consistent data set 
with more recent data, and because no RAINS personal computer model after version 
7.2 is available. 
It is important to realise what information is taken directly from RAINS 7.2 and 
which data from RAINS 7.2 were modified to be used in our model. The source 
receptor matrices are taken from the RAINS model without modifications. The 
emissions in the Reference Scenario, Section 6.3, and the Maximum Feasible Reduction 
levels, Section 6.4, are calculated with the RAINS 7.2 model and modified for use in 
our model. Construction of emission data in the scenarios or optimisations is described 
in the respective sections. In the next section we describe how the national abatement 
cost curves have been derived from RAINS 7.2 model. 
All RAINS data was fully reviewed within the framework of the Convention on Long-
range Transboundary Air Pollution. We realise that this data has been updated regularly 
since then. 
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6.2.1 Abatement cost curves 
The national abatement cost curves have been calculated with the RAINS 7.2 
model (Amann et al., 1997b). These abatement cost curves are used in all scenarios and 
optimisations in this chapter. The RAINS national abatement cost curves for SO2 and 
NOx depend on assumptions concerning the energy pathways and the reduction 
scenario, which describes the implementation of abatement techniques. National 
abatement cost curves for NH3 depend on agricultural activity levels, described in 
agricultural pathways, and the reduction scenario. 
Energy pathways and agricultural pathways are exogenous input for RAINS. The 
energy scenario describes the sectoral use of the different fuel types over time, and the 
agricultural scenario describes the agricultural activity and the composition of the 
animal live stock by country and year. Energy and agricultural pathways are country-
specific and are based on the Official Energy Pathways 1996 (OEP96)2 and Agricultural 
Pathways 1998 (API998). The cost curves also depend on assumption regarding 
implementation of abatement techniques. To calculate the national abatement cost 
curves, the RAINS 'Default'3 scenario is used as a basis, which means that no 
abatement techniques are assumed to be implemented. Thus, the calculated national 
abatement cost curves for S0 2 and NOx are for Official Energy Pathways 1996 
assuming no application of abatement techniques4. Similarly, the national abatement 
cost curves for NH3 are based on the agricultural pathways 1998 with the no emission 
control scenario. 
RAINS provides national abatement cost curves for each fifth year from 1990 to 
2010. We took the cost curves for 2010 for each individual country or region. Because 
RAINS does not provide data for later years, we assume that the curves remain constant 
for the years after 2010. The national abatement cost curves for the years 1990, 1995, 
2000 and 2005 are derived from the 2010 cost curves by a scaling procedure based on 
the maximum abatement level with the corresponding maximum abatement costs of the 
cost curves for 1990,1995,2000 and 2005. The cost curves for the years in between the 
five years intervals are linearly interpolated. More details on this scaling procedure are 
given in Section 5.2.2. A consequence of this approach is that economic growth and 
activity levels are exogenous inputs for our model. Thus, our cost curves shift in time 
due to technical progress, but do not differ between scenarios and optimisations. Our 
model can evaluate, in principle, structural changes such as fuel substitution and energy 
conservation, but only by using the RAINS model to provide the input data needed. 
The 'Official Energy Pathway' are projections of energy consumption and are reported by 
governments to UN/ECE and published in the UN/ECE Energy Data Base. Where 
necessary, missing forecast data have been constructed by IIASA based on a simple 
energy projection model (2000a). 
The RAINS Default scenario is different from the Default Scenario that is described in 
Section 6.3. 
More details can be found in Amann et al. (1997b). 
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Abatement costs are discounted with an interest rate of 4% and are expressed in values 
of 1990. 
6.2.2 Application of the soil acidification model at the European level 
Application of the dynamic soil acidification optimisation model at the European level 
results in a very large model.5 It contains 5 soil classes in about 600 grid cells and 36 
emitting countries, and it calculates emissions and soil quality for each year over a 40 
year period. Each soil class in a grid is considered to be a receptor. For each iteration in 
the numerical solution the whole system of equations (equations (l)-(3), (5), (6) and (9)-
(15) in Chapter 5) has to be solved. This model is difficult to solve with respect to 
software capacity and computation time. The size of the model and the computation 
time can be reduced by ensuring that only influential receptors are involved in the 
optimisation calculations. A procedure to identify these receptors that potentially 
determine the cost-effective solution is described by Batterman (1988). We apply a 
similar procedure to eliminate receptors, as is described in Section 6.3. 
To make sure that the different optimisation problems in this chapter have a 
feasible solution, receptors will be excluded that cannot reach a specified aluminium ion 
concentration target, even with maximum emission reduction efforts. These receptors 
are determined in the Maximum Feasible Reduction Scenario as described in Section 
6.4. 
After elimination of these two groups of receptors, 144 receptors remain that 
potentially determine the cost-effective solution. This is a considerable reduction in the 
size of the model. 
6.2.3 Presentation of the results 
Because it would be too much to show results and graphs for all 36 countries, graphical 
results of emission and reduction time paths are presented for a limited number of 
countries. We choose to present the result, for the 9 countries with the largest share in 
S0 2 emissions in 1990 and the Netherlands. These countries account for 76 percent of 
the total European S0 2 emissions in 1990, 72 percent of the total European NO x 
emissions and 65 percent of the total NH3 emissions. These countries are Bulgaria, 
5 Arne Stolbjerg Drud, of ARKI Consulting & Development A/S Bagsvaerdvej 246 A, DK-
2880 Bagsvaerd, Denmark, the developer of the CONOPT solver that has been used to 
solve the optimisation model wrote in a personal email communication on August 10, 
2000: "Can I keep the model for testing and algorithm development? This is one of the 
largest really optimizing models I have seen. CONOPT has been used for some models 
with over 200,000 equations, but these models have usually very few degrees of freedom, 
and the main problem is solving a set of equations. In your model there is really some 
optimization going on. By todays standards, your model is HUGE!" (cited with 
permission). 
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Czech Republic, Germany, Italy, the Netherlands, Poland, Russia, Spain, Ukraine and 
the United Kingdom. A full list of countries and country abbreviations is given in 
Appendix 6-A. 
Table 6-1: The area in square kilometres and as a percentage of the total forest area for the five 
soil classes. 
percentage 
Soil classes area (km2)1 of forest areab 
1 Sandy soils 849001 38.8 
2 Loamy soils 1207576 55.2 
3 Clay soils 68413 3.1 
4 Heavy clay soils 38905 1.8 
5 Peat soils 23712 1.1 
total forest area 2187607 100 
Source: Reinds et al. (2000). 
' Total European area is 6400000km2, approximately 34%, is covered by forest. 
b The percentage of the total European forest area. 
It is also too much to present all calculated impacts for the five soil classes for the 
different cases. The result would be maps for 1990, 2010 and 2030 for 5 soil classes for 
5 scenarios or optimisations, in total 75 maps. We concentrate on sandy soils (soil class 
1) because this soil class covers a large area of total European forests (39%, see Table 
6-1) and it is the most acid sensitive soil class relative to the other classes. Loamy soils 
(soil class 2) cover 55% of the European forests but they are much less sensitive to 
acidification than sandy soils and therefore less important. Clay soils (soil class 3) and 
peat soils (soil class 5) cover only a small area. Heavy clay soils (soil class 4) are in 
adequate condition with respect to acidification in 1990 and remain in good condition 
for the entire period as calculated by the Reference Scenario. 
For all maps, grid cells that do not contain the soil class under consideration are 
not shown, and different numbers of grid cells are displayed for different soil classes. 
For further explanation and more details see the description and analysis of the 
Reference Scenario in Section 6.3. 
6.3 Reference Scenario 
We constructed the Reference Scenario to establish base line emission time paths that 
represent emissions without implementation of abatement measures, as a reference for 
other scenarios and optimisations. Yearly changes in SO2 or NOx emission levels are the 
result of changes in the level of energy use and the fuel mix and are exogenous to the 
model. These reference emission levels are determined based on Official Energy 
Pathways from 1996 (OEP96) and are calculated with RAINS 7.2 (Amann et al, 1997b) 
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for the years 1990, 1995, 2000, 2005 and 2010 assuming that no abatement measures 
are implemented. The emission levels for intermediate years are calculated using a 
linear interpolation. Because RAINS does not provide data, emissions levels are 
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Figure 6-1: Total emissions of SO2, NOx and NH3 (kton per year) in Europe in the 
Reference Scenario for 1990 to 2030. Emissions are assumed constant after 2010. 
1990 1995 2000 2005 2010 2015 2020 2025 2030 
Figure 6-2: Reference emissions ofS02 (kton per year) for ten selected countries. 
Emissions of NH3 are determined with RAINS 7.2 (Amann et al., 1997b) in the 
same way as emission of S0 2 and NOx but are based on Agricultural Pathways from 
1998 (AP98). Changes in NH3 emissions in the Reference Scenario are also exogenous 
to the model and result from changes in livestock numbers. All three pollutants show a 
decrease in emissions over time. S0 2 emissions decrease by twenty five percent in 2010 
relative to 1990, NO x emissions by two percent and NH3 emissions by eleven percent. 
Figure 6-1 illustrates the total European emissions from 1990 to 2030. Because many 
factors that are used to calculate the unabated emissions are country specific, countries 
show different trends in their emissions (see Appendix 6-C) Figure 6-2, Figure 6-3 and 
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Figure 6-4 show the emissions for SO2, NOx and NH3 respectively for the ten selected 
countries. For more details on emission levels per country in selected years see 
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Figure 6-3: Reference emissions ofNOx (kton per year) for ten selected countries. 
_ 1400 -> 
200 
( X X X X X X X X X X X X X X X X X X X X X 
-----------------------
>-» 0 0 0 0 0 
1990 1995 2000 2005 2010 2015 2020 2025 2030 
Figure 6-4: Reference emissions ofNH3 (kton per year) for ten selected countries. 
The reference emissions are used as input for the dynamic acidification model to 
show the impacts on soil quality, indicated by the aluminium ion concentration, in the 
soil solution. The Reference Scenario can also be used to set lower bounds for the soil 
quality. Because no emission abatement takes place, the negative impacts on the soil 
quality are greater in this scenario than in any other scenario or optimisation in this 
chapter. Based on this information it is possible to reduce the size of the optimisation 
problem without effects on the results. Soils that will never become acidified in the 
Reference Scenario will never become acidified in any other scenario, and can be 
eliminated from the optimisation calculations, because they will never determine the 
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-figure continues from previous page-
Aluminium concentration in the soil solution (mol c rrf 3 ) 
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Figure 6-5: The aluminium ion concentration in the soil solution (molc m3) of sandy 
soils in 1990, 2010 and 2030 in the Reference Scenario. 
Soils, of which the aluminium ion concentration never exceeds 0.2 molcm"3, are 
eliminated from the optimisation calculations. This criterion6 is introduced here, 
because we use it in the optimisation calculation in the Section 6.5. Of the 1366 
receptors, a receptor is a soil type in a grid cell, that are included in the model, 1194 
receptors will never drive the cost-effective solution and can be excluded from the 
optimisation calculations. 
Sandy soils are the most interesting soils for this analysis. Sandy soils cover more 
than one-third of total European forests and are the most sensitive to acid deposition. 
Therefore, we will pay most attention to sandy soils. Loamy soils cover the largest part 
of the forest (55%), but are moderately sensitive to acidification. However, because 
only a limited area of loamy soils is negatively affected, we will not show results for 
This criterion is based on results for red spruce, the most sensitive tree species, indicating 
statistically significant biomass reductions at a concentration of 2 mgl"', (Cronan et al., 
1989). It is a very stringent criterion, because several common tree species in Europe, 




this soil class. Only some areas in the United Kingdom, Belgium, the Netherlands, 
Germany and Ukraine are considered to be acidified in 1990. 
Reference Scenario 
Total deposition 
Total deposition of sulphur and nitrogen (molcm'V"1) 
S 0.10 10.15-0.20 | | H ï à a 4 0 
0.10 -0 .15 0 .20 -0 .40 
Figure 6-6: Total deposition in acid equivalents (molcm yf ) of sulphur and nitrogen 
(from NOx and NH3) in the Reference Scenario in 2010. 
The soil quality will decrease for some areas in Belgium, the Netherlands and 
Germany in 2030 (see Figure 6-32 in Appendix 6-B). Clay soils (3.1% of total forest 
area) and peat soils (1.1%) cover only a fraction of the total forest area. These soil 
classes face a decrease in soil quality, which is illustrated in Appendix 6-B Figure 6-33 
and Figure 6-35 by showing the aluminium ion concentration in the soil solution in 
2010 and 2030, but, since these soil classes cover only small areas, we will not show 
maps for the different cases in this chapter. Heavy clay soils (class 4) have a good 
quality in 1990 and retain that good quality over the entire period (up to 2030) in the 
Reference Scenario. This is illustrated in Figure 6-34 in Appendix 6-B. The figure 
shows that the soil aluminium ion concentration is lower than or equal to 0.10 molcm-3 
for the whole area for the entire period. 
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The combination of high depositions (see Figure 6-6) with sensitive soils make 
the soil acidification problem most severe in West and Central Europe.7 This is 
illustrated in Figure 6-5 which shows the aluminium ion concentration for sandy soils 
for 1990,2010 and 2030 calculated in the Reference Scenario. 
In conclusion we observe that the general tendency in the Reference Scenario is 
that emissions of all three pollutants exogeneously decrease in time with the largest 
decrease in SO2 emissions. Consequently, some improvement of soil quality occurs 
between 1990 and 2010, especially in sandy soils. The forest soils in West and Central 
Europe are the most acidified due to a combination of high deposition rates and the 
vulnerability of these soils. The Reference Scenario determines the upper bound for 
emissions (and depositions) and the lowest possible soil quality in terms of the 
aluminium ion concentration. 
6.4 Maximum Feasible Reduction Scenario 
The Maximum Feasible Reduction (MFR) Scenario has been constructed to show the 
potential effects on the environment of a full application of the currently available 
reduction technologies. The MFR Scenario does not include structural changes in the 
energy and agricultural pathways. 
Thus energy efficiency improvements of switches to renewable energy are not 
included. The MFR Scenario does not take into account political feasibility or cost 
limitations. The maximum reduction potentials are calculated with the RAINS 7.2 
model (Amann et al., 1997b) in which it was assumed that a full application of all 
available most efficient techniques are applied. This implies that currently installed 
techniques are replaced by techniques with higher reduction potentials without taking 
into account technical or economic lifetimes. Hence, the emissions in the MFR Scenario 
are the lowest possible and therefore, determine the lower boundary of emission levels. 
For the trend in total minimum European emissions see Figure 6-7. 
Maximum reduction potentials are relative to the reference emissions and are 
assumed to stay constant after 2010. Maximum reduction levels are between 85% and 
90% for S0 2 , between 80% and 85% for NOx and around 35% for NH3 of the Reference 
Scenario emissions for the included European countries. For details on emissions, 
emission reductions and emission reduction costs see the various tables in Appendix 
6-C. 
The MFR Scenario shows the effects of the highest possible emission reduction 
levels by technical means on the soil quality, and it can be used to determine which soils 
cannot be protected against acidification even with maximum abatement effort at very 
high costs. These soils, that cannot be improved to the predefined quality level, will be 
considered as 'unrecoverable'. It should be noted that these soils may be recoverable 
Please note that aquatic systems are not included in our analyses. 
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with structural changes such as the introduction of renewable energy and energy 
conservation. However, structural changes are exogenous in the model and can only be 
analysed with newly calculated national abatement cost curves and emission time paths 
using the RAINS model. The soils that remain acidified in the MFR Scenario, with [Al] 
> 0.20 molcm"3 in 2000, cannot be improved to aluminium levels below the critical level 
with the given emissions, reduction options and maximum reduction potentials. These 
receptors would make the optimisation problem infeasible if included in the model, and 
thus they are excluded. 
1990 1995 2000 2005 2010 2015 2020 2025 2030 
Figure 6-7: Total emissions of SO2, NOx and NH3 (in kton per year) in Europe in the 
Maximum Feasible Reduction Scenario from 1990 to 2030. 
Maximum Feasible Reduction Scenario 
2000 
Figure 6-8: Grey shaded grid cells are grid cells with soil classes where aluminium ion 
concentrations are still exceeding 0.20 molcm'3 in the Maximum Feasible Reduction 
Scenario in the year 2000. 
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Aluminium concentration in the soil solution (mol c nT 3 ) 
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Figure 6-9: The aluminium ion concentration in the soil solution (molc tri3) of sandy 
soils in 2010 and 2030 in the Maximum Feasible Reduction Scenario. The aluminium 
ion concentration in 1990 is presented in Figure 6-5. 
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All 28 receptors that would make the problem infeasible are from the sandy soil 
class, with the exemption of peat soils, which is soil class 5. The grid cells that contain 
soils that cannot be improved to the critical ion concentration (0.2 moIcm"3) in the MFR 
Scenario in 2000 and 2010 are shown in Figure 6-8. The maximum improvement of the 
soil quality of sandy soils in the MFR Scenario is shown in Figure 6-9. 
In conclusion, the maximum feasible reduction scenario gives the maximum 
technically feasible emission reduction levels and therefore, determines the lower bound 
for emissions and depositions, and the highest reachable soil quality in terms of the 
aluminium ion concentration. Receptors that cannot be improved to an aluminium ion 
concentration lower then 0.20 molcm"3 in 2000 are considered infeasible and are 
excluded from the optimisation analysis described in the following sections. 
6.5 Optimal abatement strategies 
The mathematical specification of the optimisation model is described in Chapter 5. The 
objective of this optimisation analysis is to find the abatement path that minimises the 
sum of the discounted total reduction costs for all three pollutants in all countries from 
1990 to 2030, given the environmental quality standard in equation (1). The standard 
used here includes a maximum for the aluminium ion concentration for all receptors 
except the 28 receptors that would make the optimisation infeasible to solve. These 28 
receptors are shown in Figure 6-8. The aluminium ion target is expressed in the 
following equation 
[Al](t)<0.2molcm~3 for f>2010 (1) 
and applies for all receptors included in the analysis. Footnote 6 and Section 6.4 give 
arguments why we use this criterion. The environmental target is supposed to be met 
not later than 2010 and maintained afterwards. We choose 2010 as the target year, 
because the UN-ECE LRTAP acidification protocols are expressed in targets to be 
attained in 2010. 
The results of the optimisation calculations show that to reach the environmental 
quality targets large reductions in emissions are required. Figure 6-10 illustrates the 
optimal total European emission path for all three pollutants, given the specified targets 
for the year 2010. 
National emissions of S0 2 , NO x and NH3 start at lower levels in 1990 compared 
to the reference emissions and are decreasing in time as is illustrated in Figure 6-11, 
Figure 6-12 and Figure 6-13, respectively, for the ten selected countries. The reduction, 
as percentages of the Reference Scenario emissions, of SO2 is high, starting in 1990 and 
remains high to 2030 as is illustrated in Figure 6-14. Reduction percentages are lower 
and reduction starts later for NO x and NH3 emissions as illustrated in Figure 6-15 and 
Figure 6-16. Country abbreviations are described in Appendix 6-A 
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Figure 6-10: Total emissions ofS02, NOx and NH3 in Europe in the Optimal Abatement 
Strategy (with [Al] < 0.20 molcm'3 for t > 2010) from 1990 to 2030. 
Figure 6-11: Emissions ofS02 (kton per year) in the Optimal Abatement Strategy (with 
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Figure 6-12: Emissions ofNOx (kton per year) in the Optimal Abatement Strategy (with 
[Al] <0.20 molcm'3 for t>20!0) for ten selected countries. 
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Figure 6-13: Emissions q/TVrVj (kton per year) in the Optimal Abatement Strategy (with 
[AIJ <0.20 molcm3 for t >2010) for ten selected countries. 
Figure 6-14: Emissions reduction of SO2 (percentage of the Reference Scenario 
emissions) in the Optimal Abatement Strategy (with [AIJ <0.20 molcm'3 for t>2010) 
for ten selected countries. For country abbreviations see Appendix 6-A. 
Figure 6-15: Emissions reduction of NOx (percentage of the Reference Scenario 
emissions) in the Optimal Abatement Strategy (with [AIJ < 0.20 molcm 3 for t>2010) 
for ten selected countries. 
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Figure 6-16: Emissions reduction of NH3 (percentage of the Reference Scenario 
emissions) in the Optimal Abatement Strategy (with [Al] <0.20 molcm3 for t >2010) 
for ten selected countries. 
The required reduction efforts increase in time with the largest reductions, and 
lowest emissions, in 2010, the year that the environmental targets should be reached. 
These peak reductions, most evident for SO2 and NOx, in 2010 are remarkable. They 
can be explained by a combination of three characteristics of our model: 
(i) the model does not take into account economic and technical lifetimes of 
abatement techniques. This implies that reduction techniques can be implemented 
in one year, become active in the same year and can be removed in the next year 
without economic losses, 
(ii) the increase in the marginal reduction costs is relatively low with respect to the 
time preference. Therefore, large reductions, somewhat later in time, are more 
cost-effective than small reductions earlier in time, 
(iii) the recovery rate of the soils is large enough to permit a sharp decrease of 
depositions just before the targets are to be met. Less reduction than before 2010 
is sufficient after 2010, because improving a soil to a certain quality requires 
lower depositions than what is sufficient to maintain a soil at a certain level. 
This pattern of the emission time paths was also found in the model application 
for the United Kingdom and Ireland in Chapter 5. 
Large differences in reduction percentages exist between countries, which is 
illustrated by Figure 6-14, Figure 6-15 and Figure 6-16. Large reduction takes place in 
countries in west and central Europe (e.g. Germany, the Netherlands, Poland and Czech 
Republic). Emission reductions in countries at the borders of Europe are smaller (e.g. 
Norway, Finland, Russia, Greece, Spain, Portugal) or even zero (Russian Federation). 
Emissions in the central European countries have much more influence on depositions 
in central Europe than emissions of boundary countries. This impact is reflected in the 
coefficients in the source-receptor matrices and is an important factor in explaining the 
large differences in optimal abatement levels between countries. More country specific 
details are presented in Appendix 6-C. 
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The factors that determine the distribution of emission reductions in time are the 
marginal abatement costs, the discount rate and the recovery capacities of soils. A steep 
marginal abatement cost curve results in a more equal distribution of emission 
reductions in time than a flat marginal abatement cost curve. If the soils have a high 
recovery rate, more emission reduction can be postponed to the future compared to soils 
with a low recovery rate. A high time preference reflected in a high discount rate shifts 
emission reduction to the future. Other factors that determine the cost-effective solution 
are the distance between the emitting countries from receptors reflected by the 
coefficients in the source-receptor matrices and the instantaneous effect of sulphur and 
nitrogen deposition on the soil quality. 
The abatement costs are unequally distributed between countries. Countries that 
face the highest emission reduction costs in absolute terms in the Optimal Abatement 
Strategy are Central European countries including Germany, Poland and the Czech 
Republic, illustrated by Figure 6-17 and in Appendix 6-C Table 6-12. Emission 
reductions in these countries are relatively cost-effective because they have a relative 
large effect on acid depositions in the highly acidified areas in Central Europe. Border 
countries (such as Spain, Portugal, Norway) only moderately contribute to acid 
deposition reduction in Central Europe, because acidifying particles are transported 
through the air over a limited distance. Also for countries in the Eastern and Northern 
parts of Europe (such as the Russian Federation, Estonia and Finland) the model finds 
small emission reductions levels, see Table 6-4 in Appendix 6-C. 
These differences in optimal abatement levels between countries are primary 
explained by the characteristics of atmospheric transport described by the source-
receptor matrices. With the prevailing western or south-western winds in Europe, only a 
small fraction of emissions from Scandinavia and Eastern European countries are 
transported to Central Europe. 
1990 1995 2000 2005 2010 2015 2020 2025 2030 
Figure 6-17: Total discounted reduction costs per country in the Optimal Abatement 
Strategy (with [Al] <0.20 molcm'3 for t >2010) for ten selected countries. 
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Aluminium concentration in the soil solution (mol cm" 3) 
<0.10 0 .15 -0 .20 H H H > 0.40 
0.20 - 0.40 0 .10 -0 .15 ^ 
Figure 6-18: The aluminium ion concentration in the soil solution (molc m'3) of sandy 
soils in 2010 and 2030 in the Optimal Abatement Strategy (with [Al]<0.20 molcm3 for 
t<2010).The aluminium ion concentration in 1990 is presented in Figure 6-5. 
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The soil quality of sandy soils is depicted in Figure 6-18. It can be seen that most 
sandy soils recover from acidification. The receptors (soil classes in grid cells) that have 
an aluminium ion concentration in the soil solution exceeding 0.2 molcm"3 in 2000 were 
marked infeasible (see Section 6.4) and were excluded from the analysis. 
The Optimal Abatement Strategy shows that a relatively fast and full recovery of 
acidified soils in 2010 can only be realised with very high reduction levels. To improve 
soil quality to the standard of 0.2 molcmf3, in the period from 1990 to 2010, higher 
emission reductions are required than the emission reduction levels that corresponds 
with maintaining soil quality at that level in the period after 2010. 
6.6 Sensitivity analysis 
To test the sensitivity of the model results for variations in changes in the soil quality 
target and the target year, we performed some optimisation calculations that are 
described and analysed in this section. Two sensitivity analyses are performed. 
In the first alternative, the optimisation target of the aluminium ion concentration 
is doubled, because 0.2 molcm"3 is the lowest value found for a sensitive tree species, 
and for most trees the critical values are higher. The restriction on the aluminium ion 
concentration that applies in this first sensitivity analysis is 
[Al](t) < 0.4molcm'3 for f>2010 (2) 
The emission reduction and also emission reduction costs (minus 40%) are much 
lower compared to the reductions and costs needed to meet the 0.2 molcm"3 aluminium 
criterion in the Optimal Abatement Strategy analysed in Section 6.5. Figure 6-19 
illustrates the total reduction costs for the different optimisations. The optimal solution 
appears to be determined by a few receptors that require high emission reductions from 
some countries. If the aluminium targets are higher (0.4 molcm"3, thus with a lower soil 
quality) then the emission reduction measures with high marginal costs are less 
necessary, and large cost savings are realised. Of course, the most sensitive tree species 
are not fully protected against acidification in this optimisation. Unfortunately, the 
model cannot provide information about the area and type of forest that is not protected, 
nor about the possible damage that might occur. 
The second alternative shifts the original aluminium ion target of 0.2 molcm"3 10 
years into the future. The time allowed for the soil to recover is extended in this way. 
The targets are to be met in 2020 and maintained into 2030 instead of 2010-2030. The 
restriction that has been applied is 
[Al](t)<,0.2molcm-3 for />2020 (3) 
Emission reduction is postponed by 10 years to 2020 instead of 2010. Results 
show less emission reduction and abatement peaks are slightly lower compared to the 
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Optimal Abatement Strategy. Total European reduction costs are 6% lower relative to 















Al<=0.2t>=2010 Al<=0.4 t>=2010 Al<=0.2 t>=2020 
Figure 6-19: Total European reduction costs (discounted over 1990-2030) in the 
standard optimisation ([Al]<0.2 molcm'3 with t>2010) and two alternative aluminium 
ion targets, [Al]<0.4molcm3 for t>2010 and[Al]<0.2 molcm3for t>2020. 
6.7 Gothenburg Scenario 
In order to compare the results of the dynamic model approach to the abatement 
approach in the current UN-ECE LRTAP protocols, two sets of model results are 
analysed. The Gothenburg Scenario8 has been constructed to assess the likely 
environmental impacts in this section. Section 6.8 analyses the Gothenburg Optimal 
Abatement Strategy and compares the results with the Gothenburg Scenario. 
The Gothenburg Scenario has been constructed to assess the likely environmental 
impacts of the already implemented policies, the current emission control strategies and 
the future emission control strategies needed to meet the emission ceilings of the 
Gothenburg protocol. 
The Gothenburg Scenario assumes that sufficient reduction measures will be 
implemented to reach the agreed emission ceilings. The Gothenburg Scenario takes into 
account the current national and international legislation. The Gothenburg Scenario 
emissions for 1990, 1995, 2000 and 2005 are calculated with the RAINS 7.2 model 
(Amann et al., 1997b) assuming reduction scenarios for SO2, NOx and NH3 that take 
into account the current legislation and current reduction plans based on projections of 
future energy use (OEP96) and agricultural pathways (AP98). For the European Union 
The Gothenburg Scenario is named after the place where the Protocol to Abate 
Acidification, Eutrophication and Ground-level Ozone (United Nations, 1999a) was 
signed at the end of 1999. 
103 
Chapter 6 
countries, officially announced emissions ceilings are taken if they were lower than the 
current legislation emissions (Amann et al., 1999). 
Table 6-2: Total European emissions (kton/y.) of S02, NOx and NH3 in the Reference Scenario 
in 1990 and 2010, the Gothenburg Scenario and the percentage reduction of emissions in 2010 
relative to 1990. 
S0 2 NOx NH3 
Reference Scenario emissions 
1990 (kton/y) 42041 24413 7559 
2010 (kton/y) 31429 23861 6721 
Agreed emission ceilings in the Gothenburg 
protocol in 2010 (kton/y)a 13966 14120 6278 
Reduction realised in the Gothenburg Scenario 
in 2010 as percentage of the reference emission in 1990 67 42 17 
a Source: IIASA's Interim report to the European Commission (Amann et al., 1999 pp. 11 and 
12) and the protocol text (United Nations, 1999a). 
1990 1995 2000 2005 2010 2015 2020 2025 2030 
Figure 6-20: Total emissions of SO2, NOx and NH3 in Europe in the Gothenburg 
Scenario in 1990 to 2030. 
Emissions for the years between the intervals are again obtained through linear 
interpolations. The emission ceilings for 2010 are taken from IIASA's 7* Interim 
Report to the European Commission (Amann et al., 1999 pp. 11 and 12).9 The RAINS 
model does not provide data after 2010, and therefore, later emissions are assumed to 
remain constant at the level of 2010 assuming that agreed reduction targets will be 
maintained. Figure 6-20 shows the trends in total European emissions, SO2 and NO x 
emissions decrease considerably and NH3 emissions remain nearly constant. 
The data used from Norway and the Russian Federation for 2010, slightly differ from the 
emission ceilings that are used in the 'protocol scenario' in IIASA's RAINS World Wide 
Web edition because we used different source. 
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At the European level, considerable emission reductions are realised relative to 
the Reference Scenario which is illustrated in Table 6-2. A graphical representation is 
given in Figure 6-21 and Figure 6-22 for SO2 and NOx for ten selected countries. For 
country abbreviations see Appendix 6-A. The decrease in emissions is the result of 
national and international current legislation emission control strategies and officially 
announced national policy plans. 
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Figure 6-21: Emissions reduction of SO2 (percentage of the Reference Scenario 
emissions) in the Gothenburg Scenario for ten selected countries. 
t à i i i i t à i t i t i i à t t A i i 
j!? £ü A iji S jj? 3? £S £J? £ji £it S S Ä S £j£ £Jt £Jt 
1 1 1 1 1 1 1 1 1 i 1 1 1 1 1 1 1 1 1 1 
1990 1995 2000 2005 2010 2015 2020 2025 2030 
- G e r m 






- C z r e 
-Bulg 
-Neth 
Figure 6-22: Emissions reduction of NOx (percentage of the Reference Scenario 
emissions) in the Gothenburg Scenario for ten selected countries. 
Figure 6-23 illustrates NH3 reduction percentages relative to the reference. No 
reduction plans are defined in RAINS 7.2 (Amann et al., 1997b) for NH3, and hence, 
emission reduction is zero relative to the reference emissions. Emission ceilings, 
however, are defined in the Gothenburg Protocol (United Nations, 1999a) for 2010. 
Emissions are calculated as a linear interpolation for each five year interval, therefore, 
implementation of reduction measures is assumed to start in 2005 in this scenario. 
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Figure 6-23: Emissions reduction of NH3 (percentage of the Reference Scenario 
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Figure 6-24: Total discounted reduction costs per country per year in the Gothenburg 
Scenario for ten selected countries. For country abbreviations see Appendix 6-A. 
According to the model results in the Gothenburg Scenario, abatement costs are 
unequally distributed over countries. Figure 6-24 illustrates that especially Germany, the 
United Kingdom and Italy are facing high abatement costs related to the full 
implementation of the UN-ECE policies. 
The Gothenburg Scenario emissions are used to calculate the impacts on the 
aluminium ion concentration in the soil solution using our model. The calculated 
aluminium concentration in the- soil solution exceeds 0.2 molcm"3 in large parts of 
central Europe in the Gothenburg Scenario in 2010. Up to 2030 soils continue to 
recover, but model results still show acidified soils. Results for sandy soils are displayed 
in Figure 6-26. Both RAINS calculations (see Figure 6-25) and calculations with the 
dynamic soils acidification model (see Figure 6-26) show that large areas remain 
unprotected against acidification. Thus, even after full implementation of the 
Gothenburg protocol the acidification problem remains partially unsolved. Ecosystems 
remain acidified for a long period and environmental damage may occur. Please note 
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that a full comparison of Figure 6-25 and Figure 6-26 is not possible, because RAINS 
includes aquatic ecosystems. 
In the Gothenburg Scenario considerable emission reduction is realised, up to 
80% for SO2 and up to 60% for NOx for some countries relative to the Reference 
Scenario emissions. The model results in the Gothenburg Scenario suggest that after full 
implementation of the European acidification policies and after fulfilment of the agreed 
emissions ceilings not all deposition targets will be met in 2010 and large forest areas in 
Europe will remain acidified. 
Gothenburg Scenario 2010 
Acidification, percentage unprotected ecosystems 





Figure 6-25: Percentage unprotected ecosystems for acidification in 2010 as calculated 
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Figure 6-26: The aluminium ion concentration in the soil solution (molc m3) of sandy 
soils in 2010 and 2030 in the Gothenburg Scenario. The aluminium ion concentration in 
1990 is presented in Figure 6-5. 
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6.8 Gothenburg optimisation: Reaching the results of the Gothenburg 
Scenario cost-effectively 
In this section we answer the following question: Would it be possible to reach the soil 
quality that results from the Gothenburg Scenario in a more cost-effective way? In other 
words, would it be possible to reach the environmental quality that was calculated in 
Section 6.7 and depicted in Figure 6-26 with lower reduction costs? To answer this 
question an optimisation calculation is performed in which the aluminium ion 
concentrations that result from the Gothenburg Scenario are used as environmental 
targets. The restriction that applies reads: 
[Arij(t)Z[AI][%**m*(t) for t>2010 (4) 
with [Al]°°g",enburg representing the aluminium ion concentration for each receptor, soil 
class s in grid cell g, that results from the Gothenburg Scenario as shown in Figure 6-26. 
160 -, 
1990 1995 2000 2005 2010 2015 2020 2025 2030 
time (years) 
Figure 6-27: Emission in the Gothenburg Optimisation as a percentage of the emissions 
in the Gothenburg Scenario. 
For the period from 1990 up to 2010 no soil quality restrictions apply. For the 
period between 2010 to 2030 soils should reach at least the quality resulting from the 
Gothenburg Scenario. 
The total European emissions are higher, and abatement is lower, in the 
Gothenburg Optimisation for NO x compared to the Gothenburg Scenario (compare 
Figure 6-20 and Figure 6-27). NH3 emissions are somewhat lower. S0 2 emission 
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reduction is higher in the first years, because it is more cost-effective than NO x 
reduction. 
High and early SO2 reduction is preferred to NO x reduction in the Gothenburg 
Optimal strategy. NO x reduction is much lower in the Gothenburg Optimisation than in 
the Gothenburg Scenario. If only acidification targets are formulated and no 
eutrophication or tropospheric ozone targets are specified, then NOx reduction is 
relatively expensive and only moderate NO x abatement is realised. The Protocol to 
Abate Acidification, Eutrophication and Tropospheric Ozone takes into account multi-
targets including eutrophication and tropospheric ozone. Thus the Gothenburg Scenario 
includes high emission ceilings for NOx. Though not investigated, the Gothenburg 
Optimisation probably does not meet the ozone and eutrophication targets that are 
aimed at in the UN-ECE policies, because NO x emissions are too high. 
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Figure 6-28: Emissions of SO2 (kton per year) in the Gothenburg Optimisation for ten 
selected countries. For country abbreviations see Appendix 6-A. 
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Figure 6-29: Emissions of NOx (kton per year) in the Gothenburg Optimisation for ten 
selected countries. For country abbreviations see Appendix 6-A. 
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1990 1995 2000 2005 2010 2015 2020 2025 2030 
Figure 6-30: Emissions of NH3 (kton per year) in the Gothenburg Optimisation for ten 
selected countries. For country abbreviations see Appendix 6-A. 
The calculations suggest that abatement costs can be lower when the dynamic 
optimal approach, the Gothenburg Optimal Strategy, is used compared to the 
Gothenburg Scenario.. Total European reduction costs are 330 billion ECU in the 
Gothenburg Scenario from 1990 to 2030. The same environmental quality with respect 
to acidification may be more inexpensive. Total European reduction costs are 146 
billion ECU in the Gothenburg Optimisation, which is almost 56% lower. The main 
factors that account for the lower abatement costs are: 
(i) shifting of emission reduction in time. With a high time preference it is cost-
effective to reduce relatively late in time, and a low soil recovery rate makes it 
necessary to reduce relative early in time, 
(ii) shifting of emission reduction from countries with relative high marginal 
abatement costs to countries with relative low abatement costs, and 
(iii) shifting between pollutants, S0 2 reduction is more cost effective than the 
reduction of NOx and NH3. 
This comparison, however, has some important limitations. The environmental 
targets specified in this model do not include eutrophication and tropospheric ozone. 
This causes the model to select relatively inexpensive options to reduce S0 2 emissions, 
instead of more expensive options to reduce NOx emissions. Therefore, the Gothenburg 
Optimisation shows a lower NOx abatement compared with the Gothenburg Scenario. If 
environmental targets for eutrophication and tropospheric ozone would be incorporated, 
than NOx emission reduction would be more cost-effective and costs would be 
considerably higher. Appendix 6-C contains tables with data on emissions, abatement 
and costs for all 36 countries. 
I l l 
Chapter 6 
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Figure 6-31: The aluminium ion concentration in the soil solution (molc m'3) of sandy 
soils in 2010 and 2030 in the Gothenburg Optimisation. The aluminium ion 
concentration in 1990 is presented in Figure 6-5. 
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6.9 Conclusions 
In this chapter it is shown that it is possible to apply the dynamic optimisation soil 
acidification model at the European level. The Reference Scenario in which no 
abatement takes place, is used to determine the reference emissions (and depositions) 
and, consequently, the lowest possible soil quality in terms of the aluminium ion 
concentration. Sandy forest soils are found to be the most vulnerable to acidification, 
and forest soils in western en central Europe are the most acidified. 
The Maximum Feasible Reduction MFR Scenario gives the maximum technically 
feasible emission reduction possible and determines the lower bound for emissions (and 
depositions) and the highest reachable soil quality in terms of the aluminium ion 
concentration. Soils that cannot improve to an aluminium ion concentration lower than 
0.20 molcin"3 are marked infeasible and are excluded from optimisation calculations. 
Optimal abatement strategies are determined in a full dynamic approach in which 
emission targets are derived from soil quality (e.g. the aluminium ion concentration in 
the soil solution). The optimal abatement paths show the same characteristics as in the 
two country case analysed in Chapter 5. SO2 emissions have to be reduced up to 90% 
and NO x by up to 60% in some European countries. In central European countries the 
highest reductions are realised. Scandinavian countries and countries in eastern Europe 
contribute much less to emission reduction in the Optimal Abatement Strategy. NH3 
abatement plays a minor role, because marginal NH3 abatement costs are relatively high 
and NH3 abatement is not very effective in reducing acidification. NH3 abatement 
would be more important if eutrophication targets were incorporated in the model. 
Given a stringent soil quality target to be reached in a short period (within the 
period 1990-2010) relatively high reduction percentages are required with high 
reduction costs. Lower environmental quality targets lead to considerable lower 
reduction costs. In addition, if soils get a longer period to recover, by defining targets 
for 2020 or 2030 total reduction costs are lower. Once soil quality targets are reached, 
less stringent emission reductions are sufficient to maintain the soil quality at a constant 
'good' level. 
In addition, the effects of the current European reduction policies on the soil 
quality were analysed. The UN-ECE policies are in line with deposition targets based on 
critical loads or gap-closure targets to be reached at some point in time, usually 2010. 
With these policies, depositions are exceeding critical loads and the soil degrades, but at 
present it is unknown to what extent. With the model presented in this chapter the soil 
quality can be calculated, and it can be shown that full implementation of the emissions 
ceilings agreed on in the protocol to abate acidification, eutrophication and ground-level 
ozone will not completely solve the acidification problem in Europe. The model shows 
that the soil quality that will be reached assuming full implementation of European 
policies could be reached with large cost savings. Model results indicate that total 
European reduction costs in the dynamic optimal strategy are about half óf the total 
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reduction costs associated with the current and intended European abatement policies. 
However, the environmental targets specified in this model do not include 
eutrophication and tropospheric ozone. This makes that the model selects relatively 
inexpensive options to reduce SO2 emissions, instead of more expensive options to 
reduce NOx emissions. If environmental targets with respect to eutrophication and 
tropospheric ozone would be incorporated than NO x reduction would be more cost-
effective and total emission abatement costs would be considerably higher. 
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Appendix 6-A: Description of country abbreviations 
Country abbreviation Country region 
ALBA Albania whole country 
ATLO Atlantic Ocean whole sea region 
AUST Austria whole country 
BALS Baltic Sea whole sea region 
BELA Belarus whole country 
BELG Belgium whole country 
BOHE Bosnia Herzegovina whole country 
BULG Bulgaria whole country 
CROA Croatia whole country 
CZRE Czech Republic whole country 
DENM Denmark whole country 
ESTO Estonia whole country 
FINL Finland whole country 
FRAN France whole country 
GERM Germany whole country 
GERN F.R. Germany Former West Germany 
GERO Germany D.R. Former East Germany 
GREE Greece whole country 
HUNG Hungary whole country 
IREL Ireland whole country 
ITAL Italy whole country 
LATV Latvia whole country 
LITH Lithuania whole country 
LUXE Luxembourg whole country 
MACE FYR of Macedonia whole country 
MEDS Mediterranean Sea whole sea region 
MOLD Rep. of Moldova whole country 
NETH Netherlands whole country 
NORS North Sea whole sea region 
NORW Norway whole country 
POLA Poland whole country 
PORT Portugal whole country 
ROMA Romania whole country 
RUKA Russian Feder. Kaliningrad region Kaliningrad region 
RUKO Russian Feder. Kola, Karelia region Kola, Karelia region 
RURE Russian Feder. Remaining Russia Remaining Russia 
RUSP Russian Feder. St Petersburg region St Petersburg region 
RUSS Russian Federation whole country 
SKRE Slovakia Republic whole country 
SLOV Slovenia whole country 
SPAI Spain whole country 
SWED Sweden whole country 
SWIT Switzerland whole country 
UKRA Ukraine whole country 
UNKI United Kingdom whole country 
YUGO Yugoslavia whole country 
Source: RAINS (Amann et al., 1997b) 
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Appendix 6-B: Temporal development of the aluminium ion 
concentration in the soil solution for loamy, clay, heavy clay and peat 
soils. 
:::::'<0.10 j 10.15-0.20 
0.10-0.15 I ' 0.20-0.40 
Figure 6-32: The aluminium ion concentration in the soil solution (molc m ) of loamy 
soils in 1990 and 2030 in the Reference Scenario. 
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Reference Scenario 
Heavy clay soils (soil class 4) 1990 
Heavy clay soils (soil class 4) 2030 
Aluminium concentration in the soil solution (mol0m"3) 
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5 0.40 
Figure 6-34: The aluminium ion concentration in the soil solution (molc m3) of heavy 
clay soils (soil class 4) in 1990 and 2030 in the Reference Scenario. 
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Figure 6-35:The aluminium ion concentration in the soil solution (molc m ) of clay soils 
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Table 6-3: Sulphur dioxide (S0 2 ) emission levels (in kton per year) in the Reference Scenario, the Maximum Feasible Reduction Scenario, the Optimal 
Abatement Strategy, the Gothenburg Scenario and the Gothenburg Optimisation. See for country abbreviations Appendix 6-A. 
Reference 3 Max. Feasible Red. 3 Optimal ([^/]<0.20 for t>2010) Gothenburg Scenario" Gothenburg Optimisation 
1990 2000 2010 1990 2000 2010 1990 2000 2010 2020 2030 1990 2000 2010 1990 2000 2010 2020 2030 
Alba 72 58 55 13 10 7 72 58 33 55 55 72 58 55 72 58 55 55 55 
Aust 273 257 272 44 39 35 59 41 35 49 49 93 59 39 241 53 37 39 37 
Bela 843 468 494 111 50 50 843 374 102 169 104 843 468 480 843 468 494 494 494 
Belg 468 467 497 69 71 69 96 72 70 70 70 336 247 106 227 122 70 70 70 
Bohe 487 423 415 34 27 24 487 67 32 62 48 487 423 415 487 423 415 415 415 
Bulg 1841 1658 1684 183 141 131 1122 563 190 1010 1010 1841 1275 856 1841 1658 1010 1010 1010 
Croa 177 165 143 29 23 15 65 46 16 86 46 177 100 70 177 165 86 128 111 
Czre 1922 1339 1267 388 184 74 391 184 74 76 74 1873 428 283 1922 265 97 97 97 
Denm 298 258 181 29 23 18 57 47 23 20 20 182 132 55 298 81 35 23 25 
Esto 275 185 175 23 17 14 275 185 93 175 175 275 185 175 275 125 25 85 86 
Fini 314 436 502 59 73 77 314 436 363 502 502 226 146 116 314 436 182 288 288 
Fran 1417 1460 1147 222 178 155 734 413 159 164 164 1250 719 400 1417 751 336 303 280 
Germ 6950 4828 4471 1121 449 336 1162 482 337 337 337 5280 807 550 2340 895 414 414 423 
Gree 571 702 504 64 30 30 571 702 504 504 504 504 550 504 571 702 504 504 504 
Hung 913 890 1101 308 311 288 353 323 289 304 304 913 709 550 913 890 358 406 409 
Irel 176 245 315 31 22 15 176 60 43 43 28 176 117 42 176 245 56 50 43 
Ital 3017 2449 2343 249 197 181 2402 905 301 865 825 1679 874 500 2402 800 301 454 461 
Latv 121 92 104 23 18 18 121 92 41 104 104 121 92 104 121 92 41 82 82 
Lith 213 118 107 30 23 23 166 50 28 46 45 213 118 107 213 118 85 107 107 
Luxe 15 13 12 3 3 2 5 4 2 2 2 14 9 4 15 8 4 4 4 
Mace 107 90 81 10 6 6 107 90 81 81 81 107 90 81 107 90 81 81 81 
Mold 197 114 117 34 21 19 197 114 77 117 117 197 114 117 197 114 117 117 117 
Table 6-3 (continued): Sulphur dioxide (S0 2 ) emission levels (in kton per year) in the Reference Scenario, the Maximum Feasible Reduction Scenario, 
the Optimal Abatement Strategy, the Gothenburg Scenario and the Gothenburg Optimisation. See for country abbreviations Appendix 6-A. 
Reference8 Max. Feasible Red." Optimal ([A[\<0.20 for 62010) Gothenburg Scenario" Gothenburg ; Optimisation 
1990 2000 2010 1990 2000 2010 1990 2000 2010 2020 2030 1990 2000 2010 1990 2000 2010 2020 2030 
Neth 306 299 249 36 45 28 60 46 28 28 28 201 112 50 191 68 28 28 28 
Norw 76 81 77 39 43 42 76 81 77 77 77 52 44 43 76 81 77 77 77 
Pola 2999 3082 3234 398 413 335 476 457 335 383 380 2999 2274 1397 2999 3082 826 833 833 
Port 304 330 353 32 34 34 304 330 353 353 353 284 140 170 304 330 353 353 353 
Roma 1331 1008 1023 145 121 95 573 242 111 221 201 1331 856 918 1331 1008 697 996 1005 
Ruka 44 21 23 7 4 4 40 8 5 7 7 44 19 18 44 21 23 23 23 
Ruko 739 468 571 107 73 86 712 264 90 335 351 739 453 473 739 468 408 465 468 
Rure 3921 1982 2352 720 380 437 3921 1982 2352 2352 2352 3921 1750 1717 3921 1982 2352 2352 2352 
Rusp 308 149 173 40 22 25 308 149 173 173 173 308 134 136 308 149 173 173 173 
Russ 5012 2620 3119 874 478 552 4982 2403 2620 2867 2883 5011 2356 2344 5012 2620 2956 3013 3016 
Skre 548 314 260 127 101 70 141 101 70 76 76 548 178 110 548 314 108 112 112 
Slov 207 151 152 27 12 10 45 16 10 24 24 200 117 27 207 84 24 24 24 
Spai 2244 2372 2262 228 234 218 1547 1632 461 633 538 2189 1208 774 1547 1632 538 787 808 
Swed 251 326 356 48 49 49 219 181 110 98 91 119 81 67 145 123 91 106 107 
Swit 62 66 69 11 12 13 58 52 14 54 54 43 38 26 48 33 13 13 13 
Ukra 3706 1888 1926 660 378 374 3634 1285 421 1389 923 3706 1773 1457 3706 1852 1207 1401 1444 
Unki 3743 2866 1903 382 355 238 1394 594 288 289 288 3743 1846 625 3743 1111 396 392 322 
Yugo 585 417 459 47 33 29 585 217 40 447 240 585 389 269 585 417 459 459 459 
Europe 420413253531429 6131 4224 3674 2386912945 78311178010820 3787019132 13886 3561121314 125761382013800 
Emission levels for 2020 and 2030 are equal to the emission levels in 2010. 
Table 6-4: Sulphur dioxide (S0 2 ) abatement (in percentage of the Reference Scenario emissions) in the Reference Scenario, the Maximum Feasible 
Reduction Scenario, the Optimal Abatement Strategy, the Gothenburg Scenario and the Gothenburg Optimisation. See for country abbreviations 
Appendix 6-A. 
Ref Maximum Feasible Reduction13 Optimal ([Al]<0.20 for ?>2010) Gothenburg Scenario b Gothenburg Optimisation 
1990 1990 2000 2010 1990 2000 2010 2020 2030 1990 2000 2010 1990 2000 2010 2020 2030 
Alba 0 82 82 88 0 0 40 0 0 0 0 0 0 0 0 0 0 
Aust 0 84 85 87 78 84 87 82 82 66 77 86 12 79 87 86 87 
Bela 0 87 89 90 0 20 79 66 79 0 0 3 0 0 0 0 0 
Belg 0 85 85 86 79 84 86 86 86 28 47 79 52 74 86 86 86 
Bohe 0 93 94 94 0 84 92 85 88 0 0 0 0 0 0 0 0 
Bulg 0 90 91 92 39 66 89 40 40 0 23 49 0 0 40 40 40 
Croa 0 84 86 90 63 72 89 40 68 0 40 51 0 0 40 11 22 
Czre 0 80 86 94 80 86 94 94 94 3 68 78 0 80 92 92 92 
Denm 0 90 91 90 81 82 87 89 89 39 49 70 0 69 81 87 86 
Esto 0 92 91 92 0 0 47 0 0 0 0 0 0 32 86 51 51 
Fini 0 81 83 85 0 0 28 0 0 28 66 77 0 0 64 43 43 
Fran 0 84 88 86 48 72 86 86 86 12 51 65 0 49 71 74 76 
Germ 0 84 91 92 83 90 92 92 92 24 83 88 66 81 91 91 91 
Gree 0 89 96 94 0 0 0 0 0 12 22 0 0 0 0 0 0 
Hung 0 66 65 74 61 64 74 72 72 0 20 50 0 0 68 63 63 
Irel 0 83 91 95 0 76 86 86 91 0 52 87 0 0 82 84 86 
Ital 0 92 92 92 20 63 87 63 65 44 64 79 20 67 87 81 80 
Latv 0 81 81 82 0 0 60 0 0 0 0 0 0 0 60 21 21 
Lith 0 86 80 79 22 58 74 57 58 0 0 0 0 0 20 0 0 
Luxe 0 79 80 80 65 66 80 80 80 6 30 67 0 42 65 65 65 
Mace 0 91 93 93 0 0 0 0 0 0 0 0 0 0 0 0 0 
Mold 0 83 82 84 0 0 34 0 0 0 0 0 0 0 0 0 0 
Table 6-4 (continued): Sulphur dioxide (S0 2 ) abatement (in percentage of the Reference Scenario emissions) in the Reference Scenario, the Maximum 
Feasible Reduction Scenario, the Optimal Abatement Strategy, the Gothenburg Scenario and the Gothenburg Optimisation. 
Ref Maximum Feasible Reduction 6 Optimal ([/l/]<0.20 for 62010) Gothenburg Scenario1" Gothenburg Optimisation 
1990 1990 2000 2010 1990 2000 2010 2020 2030 1990 2000 2010 1990 2000 2010 2020 2030 
Neth 0 88 85 89 80 85 89 89 89 34 63 80 38 77 89 89 89 
Norw 0 49 46 45 0 0 0 0 0 31 46 44 0 0 0 0 0 
Pola 0 87 87 90 84 85 90 88 88 0 26 57 0 0 74 74 74 
Port 0 90 . 90 90 0 0 0 0 0 7 58 52 0 0 0 0 0 
Roma 0 89 88 91 57 76 89 78 80 0 15 10 0 0 32 3 2 
Ruka 0 83 83 84 9 62 80 68 68 1 11 23 0 0 2 0 0 
Ruko 0 85 84 85 4 44 84 41 39 0 3 17 0 0 29 19 18 
Rure 0 82 81 81 0 0 0 0 0 0 12 27 0 0 0 0 0 
Rusp 0 87 85 85 0 0 0 0 0 0 10 •21 0 0 0 0 0 
Russ 0 83 82 82 1 8 16 8 8 0 10 25 0 0 5 3 3 
Skre 0 77 68 73 74 68 73 71 71 0 43 58 0 0 58 57 57 
Slov 0 87 92 93 78 89 93 84 84 3 22 82 0 44 84 84 84 
Spai 0 90 90 90 31 31 80 72 76 2 49 66 31 31 76 65 64 
Swed 0 81 85 86 13 45 69 73 74 53 75 81 42 62 74 70 70 
Swit 0 82 82 81 6 22 80 22 22 30 43 62 22 50 80 80 80 
Ukra 0 82 80 81 2 32 78 28 52 0 6 24 0 2 37 27 25 
Unki 0 90 88 87 63 79 85 85 85 0 36 67 0 61 79 79 83 
Yugo 0 92 92 94 0 48 91 3 48 0 7 41 0 0 0 0 0 
Abatement is zero for all years in the Reference Scenario, 
percentages for 2020 and 2030 are equal to 2010. 
Table 6-5: Sulphur dioxide (S02) reductions costs (in millions of ECU per year) in the Reference Scenario, the Maximum Feasible Reduction Scenario, 
the Optimal Abatement Strategy, the Gothenburg Scenario and the Gothenburg Optimisation. See for country abbreviations Appendix 6-A. 
Ref Maximum Feasible Reduction Optimal QA[\<0.20 for r>2010) Gothenburg Scenario Gothenburg Optimisation 
1990 1990 2000 2010 2020 2030 1990 2000 2010 2020 2030 1990 2000 2010 2020 2030 1990 2000 2010 2020 : 2030 
Alba 0 35 25 18 12 8 0 0 3 0 0 0 0 0 0 0 0 0 0 0 0 
Aust 0 212 147 112 76 51 130 124 106 46 31 84 84 89 60 41 9 90 94 60 43 
Bela 0 384 157 123 83 56 0 15 69 36 31 0 0 2 1 1 0 0 0 0 0 
Belg 0 420 258 203 137 92 260 230 181 122 83 48 51 119 81 54 92 133 181 122 83 
Bohe 0 169 94 63 43 29 0 58 51 27 19 0 0 0 0 0 0 0 0 0 0 
Bulg 0 443 225 156 105 71 33 53 101 8 5 0 10 20 14 9 0 0 12 8 5 
Croa 0 89 64 44 29 20 34 29 39 6 8 0 13 12 8 5 0 0 8 I 2 
Czre 0 635 326 255 173 117 593 326 255 161 117 9 160 133 90 61 0 206 197 133 90 
Denm 0 256 182 96 65 44 116 85 66 54 36 37 33 29 20 13 0 52 43 45 29 
Esto 0 150 72 50 34 23 0 0 14 0 0 0 0 0 0 0 0 13 33 11 7 
Fini 0 255 252 200 135 91 0 0 23 0 0 31 97 108 73 49 0 0 69 27 18 
Fran 0 1723 1226 659 445 301 325 528 621 406 274 59 240 242 164 110 0 212 284 227 171 
Germ 0 3613 2306 1572 1062 717 2895 1852 1514 1023 696 745 1029 869 587 397 1050 986 1150 777 511 
Gree 0 382 295 285 192 130 0 0 0 0 0 27 36 0 0 0 0 0 0 0 0 
Hung 0 250 176 141 95 64 132 132 133 72 48 0 22 43 29 19 0 0 72 41 28 
Irel 0 111 109 96 65 44 0 44 46 31 25 0 28 46 31 21 0 0 41 29 21 
Ital 0 1818 1134 776 524 354 100 281 518 129 92 290 292 387 262 177 100 322 518 282 188 
Latv 0 77 41 33 22 15 0 0 10 0 0 0 0 0 0 0 0 0 10 2 1 
Lith 0 109 48 34 23 15 12 17 23 8 6 0 0 0 0 0 0 0 4 0 0 
Luxe 0 17 11 6 4 3 8 5 6 4 3 0 1 3 2 1 0 2 3 2 1 
Mace 0 83 50 31 21 14 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Mold 0 99 41 30 21 14 0 0 6 0 0 0 0 0 0 0 0 0 0 0 0 
Table 6-5 (continued): Sulphur dioxide (S0 2 ) reductions costs (in millions of ECU per year) in the Reference Scenario, the Maximum Feasible 
Reduction Scenario, the Optimal Abatement Strategy, the Gothenburg Scenario and the Gothenburg Optimisation. 
Ref Maximum Feasible Reduction Optimal ([Al]<Q.20 for />2010) Gothenburg Scenario Gothenburg Optimisation 
1990 1990 2000 2010 2020 2030 1990 2000 2010 2020 2030 1990 2000 2010 2020 2030 1990 2000 2010 2020 2030 
Neth 0 303 190 116 78 53 187 179 109 74 50 40 74 70 47 32 45 117 109 74 50 
Norw 0 59 38 24 16 11 0 0 0 0 0 13 36 22 15 10 0 0 0 0 0 
Pola 0 1583 1169 918 620 419 1053 875 918 464 317 0 163 286 193 130 0 0 404 272 183 
Port 0 206 177 141 95 64 0 0 0 0 0 5 52 36 24 16 0 0 0 0 0 
Roma 0 504 251 181 122 82 133 122 147 59 42 0 14 7 4 3 0 0 21 1 1 
Ruka 0 23 9 7 5 3 1 4 5 2 2 0 1 1 1 0 0 0 0 0 0 
Ruko 0 292 130 107 72 49 4 43 98 22 14 0 2 11 7 5 0 0 21 8 5 
Rure 0 1901 737 615 416 281 0 0 0 0 0 0 35 80 54 37 0 0 0 0 0 
Rusp 0 168 64 52 35 24 0 0 0 0 0 0 3 7 5 3 0 0 0 0 0 
Russ 0 2385 939 782 528 357 5 46 104 24 15 0 40 99 67 45 0 0 21 8 5 
Skre 0 214 89 59 40 27 162 86 59 30 20 0 30 26 17 12 0 0 26 17 11 
Slov 0 89 49 34 23 16 48 35 34 13 8 1 5 18 12 8 0 11 19 13 8 
Spai 0 867 798 532 359 243 38 35 236 128 97 1 130 160 108 73 38 35 211 106 70 
Swed 0 218 269 205 139 94 8 41 62 48 34 45 109 105 71 48 33 65 75 44 29 
Swit 0 132 87 60 41 27 1 4 57 2 1 14 18 34 23 15 7 23 59 40 27 
Ukra 0 1597 601 437 295 200 9 109 334 45 69 0 17 57 39 26 0 4 97 43 27 
Unki 0 3916 1851 1111 750 507 726 747 656 442 299 0 171 281 190 128 0 343 449 307 268 
Yugo 0 443 219 173 117 79 0 59 126 1 21 0 8 39 27 18 0 0 0 0 0 
Europe 0 2384613966 9756 6589 4452 7008 6117 6627 3463 2447 1449 2963 3342 2259 1522 1374 2614 4210 2692 1877 
Reduction costs are zero for all years in the Reference Scenario. 
Table 6-6: Nitrogen oxides (NOx) emission levels (in kton per year) in the Reference Scenario, the Maximum Feasible Reduction Scenario, the Optimal 
Abatement Strategy, the Gothenburg Scenario and the Gothenburg Optimisation. See for country abbreviations Appendix 6-A. 
Reference" Max. Feasible Red." Optimal ([A[]<0.20 for f>2010) Gothenburg Scenario" Gothenburg Optimisation 
1990 2000 2010 1990 2000 2010 1990 2000 2010 2020 2030 1990 2000 2010 1990 2000 2010 2020 2030 
Alba 24 30 36 5 6 6 24 30 36 36 36 24 30 36 24 30 36 36 36 
Aust 285 308 327 58 58 46 270 250 74 305 300 192 167 107 285 299 300 305 289 
Bela 402 267 315 83 52 45 402 247 270 290 290 402 267 255 402 267 315 315 315 
Belg 376 371 408 69 69 64 331 267 128 152 146 351 252 181 367 350 307 290 307 
Bohe 80 58 64 15 11 9 80 58 54 64 64 80 56 60 80 58 64 64 64 
Bulg 354 277 312 70 56 49 354 277 271 312 312 354 270 266 354 277 312 312 312 
Croa 83 82 93 16 15 14 83 78 80 93 93 82 81 87 83 82 93 93 93 
Czre 522 415 401 91 62 58 270 125 63 122 119 522 271 286 522 354 339 339 339 
Denm 292 270 268 57 54 42 268 246 144 144 142 274 172 127 292 270 246 243 245 
Esto 84 64 73 17 13 10 84 64 73 73 73 84 64 73 84 64 73 73 73 
Fini 279 319 330 50 57 46 279 319 329 330 329 276 200 170 279 319 330 330 330 
Fran 1748 1855 1800 376 383 258 1707 1783 1286 1336 1328 1748 1239 860 1748 1816 1638 1496 1470 
Germ 3720 3506 3461 705 606 512 2662 1304 743 1035 823 2662 1629 1081 3557 3282 2439 2576 2595 
Gree 340 391 507 62 70 80 340 391 507 507 507 340 330 344 340 391 507 507 507 
Hung 214 242 282 41 47 45 200 223 94 262 259 214 209 198 214 242 282 282 282 
Irel 106 110 116 23 22 19 104 104 106 106 105 106 95 65 106 110 107 106 106 
Ital 2062 2064 2111 382 380 334 2045 1998 1669 2041 2012 2037 1680 1000 2062 1998 1941 1941 1941 
Latv 117 99 115 25 21 19 117 99 112 115 115 117 99 84 117 99 115 115 115 
Lith 152 117 137 30 23 22 148 113 125 132 127 152 117 110 152 117 137 137 137 
Luxe 22 22 23 5 4 4 21 19 9 10 9 22 12 11 22 22 20 20 20 
Mace 39 31 31 7 6 4 39 31 31 31 31 39 30 29 39 31 31 31 31 
Mold 87 63 66 20 14 11 87 63 66 66 66 87 63 66 87 63 66 66 66 
Table 6-6 (continued): Nitrogen oxides (NO x) emission levels (in kton per year) in the Reference Scenario, the Maximum Feasible Reduction Scenario, 
the Optimal Abatement Strategy, the Gothenburg Scenario and the Gothenburg Optimisation. See for country abbreviations Appendix 6-A. 
Reference" Max. Feasible Red." Optimal ([AF\<0.20 for t>2010) Gothenburg Scenario" Gothenburg Optimisation 
1990 2000 2010 1990 2000 2010 1990 2000 2010 2020 2030 1990 2000 2010 1990 2000 2010 2020 2030 
Neth 563 556 546 98 99 83 497 390 160 187 146 542 304 266 550 523 379 378 377 
Norw 220 249 282 58 65 45 220 249 274 274 269 220 165 156 220 249 282 282 282 
Pola 1209 1211 1194 257 259 208 1039 887 334 856 677 1209 902 879 1209 1211 1051 1051 1051 
Port 208 262 303 36 44 41 208 262 303 303 303 208 226 260 208 262 303 303 303 
Roma 518 446 453 113 98 74 518 417 373 450 433 518 446 437 518 446 453 453 453 
Ruka 29 26 25 6 5 4 29 26 25 25 25 29 26 25 29 26 25 25 25 
Ruko 111 75 86 22 14 13 111 75 86 86 86 111 75 86 111 75 86 86 86 
Rure 3126 2230 2517 641 435 392 3126 2230 2517 2517 2517 3126 2230 2517 3126 2230 2517 2517 2517 
Rusp 220 155 169 46 32 25 220 155 169 169 169 220 155 169 220 155 169 169 169 
Russ 3485 2487 2797 714 486 433 3485 2487 2797 2797 2797 3485 2486 2797 3485 2487 2797 2797 2797 
Skre 207 172 194 38 29 35 183 148 68 172 172 207 132 130 207 172 185 191 191 
Slov 60 54 58 10 8 7 57 50 38 58 58 60 45 45 60 54 54 58 54 
Spai 1162 1293 1369 212 237 198 1162 1293 1318 1337 1323 1162 1141 847 1162 1293 1342 1337 1337 
Swed 372 415 455 66 73 55 370 407 428 429 428 338 260 148 372 415 453 453 453 
Swit 218 222 221 38 38 35 217 220 197 218 216 163 113 79 218 217 193 197 186 
Ukra 1888 1343 1402 429 294 242 1888 1256 1206 1305 1304 1888 1343 1222 1888 1343 1402 1402 1402 
Unki 2704 2751 3145 506 517 408 2568 2561 2064 2620 2216 2704 1895 1181 2704 2627 2912 2870 2796 
Yugo 211 164 166 38 29 21 211 164 135 166 166 211 157 152 211 164 166 166 166 
Europe 244132258623861 4820 4305 3582 2253818880159651873417794 2308016948 14095 2422822004216702161521521 
Emission levels for 2020 and 2030 are equal to the emission levels in 2010. 
Table 6-7: Nitrogen oxides (NO x) abatement (in percentage of the Reference Scenario emissions) in the Reference Scenario, the Maximum Feasible 
Reduction Scenario, the Optimal Abatement Strategy, the Gothenburg Scenario and the Gothenburg Optimisation. See for country abbreviations 
Appendix 6-A. 
Re f Maximum Feasible Reduction 6 Optimal ([,4/]<0.20 for/>2010) Gothenburg Scenario b Gothenburg Optimisation 
1990 1990 2000 2010 1990 2000 2010 2020 2030 1990 2000 2010 1990 2000 2010 2020 2030 
Alba 0 78 80 85 0 0 0 0 0 0 0 1 0 0 0 0 0 
Aust 0 80 81 86 5 19 77 7 8 33 46 67 0 3 8 7 12 
Bela 0 79 81 86 0 8 14 8 8 0 0 19 0 0 0 0 0 
Belg 0 82 82 84 12 28 69 63 64 7 32 56 2 6 25 29 25 
Bohe 0 81 81 86 0 0 16 0 0 0 4 7 0 0 0 0 0 
Bulg 0 80 80 84 0 0 13 0 0 0 3 15 0 0 0 0 0 
Croa 0 80 81 85 0 5 14 0 0 1 1 7 0 0 0 0 0 
Czre 0 83 85 86 48 70 84 70 70 0 35 29 0 15 16 16 16 
Denm 0 81 80 84 8 9 46 46 47 6 36 53 0 0 8 9 9 
Esto 0 79 80 86 0 0 0 0 0 0 0 0 0 0 0 0 0 
Fini 0 82 82 86 0 0 0 0 0 1 37 49 0 0 0 0 0 
Fran 0 78 79 86 2 4 29 26 26 0 33 52 0 2 9 17 18 
Germ 0 81 83 85 28 63 79 70 76 28 54 69 4 6 30 26 25 
Gree 0 82 82 84 0 0 0 0 0 0 16 32 0 0 0 0 0 
Hung 0 81 81 84 7 8 66 7 8 0 14 30 0 0 0 0 0 
Irel 0 79 80 84 2 6 9 9 10 0 14 44 0 0 8 9 9 
Ital 0 81 82 84 1 3 21 3 5 1 19 53 0 3 8 8 8 
Latv 0 79 79 84 0 0 3 0 0 0 0 27 0 0 0 0 0 
Lith 0 81 80 84 3 3 9 3 7 0 0 19 0 0 0 0 0 
Luxe 0 79 81 83 6 14 60 58 60 0 45 53 0 0 14 14 14 
Mace 0 81 81 87 0 0 0 0 0 0 3 8 0 0 0 0 0 
Mold 0 77 77 83 0 0 0 0 0 0 0 0 0 0 0 0 0 
Table 6-7 (continued): Nitrogen oxides (NO x) abatement (in percentage of the Reference Scenario emissions) in the Reference Scenario, the Maximum 
Feasible Reduction Scenario, the Optimal Abatement Strategy, the Gothenburg Scenario and the Gothenburg Optimisation. 
Re f Maximum Feasible Reduction 6 Optimal ([^/]<0.20 for 62010) Gothenburg Scenario 6 Gothenburg Optimisation 
1990 1990 2000 2010 1990 2000 2010 2020 2030 1990 2000 2010 1990 2000 2010 2020 2030 
Neth 0 83 82 85 12 30 71 66 73 4 45 51 2 6 31 31 31 
Norw 0 74 74 84 0 0 3 3 4 0 34 45 0 0 0 0 0 
Pola 0 79 79 83 14 27 72 28 43 0 26 26 0 0 12 12 12 
Port 0 83 83 86 0 0 0 0 0 0 14 14 0 0 0 0 0 
Roma 0 78 78 84 0 6 18 1 4 0 0 3 0 0 0 0 0 
Ruka 0 79 81 85 0 0 0 0 0 0 2 0 0 0 0 0 0 
Ruko 0 80 81 85 0 0 0 0 0 0 0 0 0 0 0 0 0 
Rure 0 79 80 84 0 0 0 0 0 0 0 0 0 0 0 0 0 
Rusp 0 79 79 85 0 0 0 0 0 0 0 0 0 0 0 0 0 
Russ 0 80 80 85 0 0 0 0 0 0 0 0 0 0 0 0 0 
Skre 0 82 83 82 11 14 65 11 11 0 23 33 0 0 5 1 1 
Slov 0 84 86 88 6 7 35 0 0 1 17 22 0 0 8 0 8 
Spai 0 82 82 86 0 0 4 2 3 0 12 38 0 0 2 2 2 
Swed 0 82 82 88 0 2 6 6 6 9 37 67 0 0 0 0 0 
Swit 0 83 83 84 1 1 11 1 2 25 49 64 0 2 13 11 16 
Ukra 0 77 78 83 0 6 14 7 7 0 0 13 0 0 0 0 0 
Unki 0 81 81 87 5 7 34 17 30 0 31 62 0 5 7 9 11 
Yugo 0 82 82 87 0 0 18 0 0 0 4 8 0 0 0 0 0 
Abatement is zero for all years in the Reference Scenario. 
Percentages for 2020 and 2030 are equal to 2010. 
Table 6-8: Total costs of nitrogen oxides (NO x) reductions (in millions of ECU per year) in the Reference Scenario, the Maximum Feasible Reduction 
Scenario, the Optimal Abatement Strategy, the Gothenburg Scenario and the Gothenburg Optimisation. See for country abbreviations Appendix 6-A. 
Re f Maximum Feasible Reduction Optimal QAI\<Q.20 for 62010) Gothenburg Scenario Gothenburg Optimisation 
1990 1990 2000 2010 2020 2030 1990 2000 2010 2020 2030 1990 2000 2010 2020 2030 1990 2000 2010 2020 : 2030 
Alba 0 35 25 18 12 8 0 0 3 0 0 0 0 0 0 0 0 0 0 0 0 
Alba 0 43 51 63 42 29 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Aust 0 790 636 501 339 229 5 36 280 3 3 109 156 203 137 93 0 1 7 3 6 
Bela 0 801 418 466 315 213 0 1 4 1 1 0 0 9 6 4 0 0 0 0 0 
Belg 0 1245 914 750 507 342 22 80 322 170 121 6 106 211 143 96 1 3 49 44 23 
Bohe 0 192 98 98 66 45 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 
Bulg 0 780 449 475 321 217 0 0 4 0 0 0 1 5 4 2 0 0 0 0 0 
Croa 0 249 182 171 116 78 0 1 5 0 0 0 0 1 1 0 0 0 0 0 0 
Czre 0 1109 738 564 381 257 247 331 488 167 115 0 77 36 24 16 0 5 4 3 2 
Denm 0 638 467 360 244 165 4 3 73 49 34 2 67 96 65 44 0 0 2 2 1 
Esto 0 184 113 113 76 52 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Fini 0 641 510 420 284 192 0 0 0 0 0 0 66 88 60 40 0 0 0 0 0 
Fran 0 6871 5229 4004 2705 1827 9 18 303 166 116 0 714 1090 736 497 0 6 56 93 69 
Germ 0 9995 7555 5683 3839 2594 1013 2734 3609 1761 1507 1269 2193 2417 1633 1103 17 28 635 337 219 
Gree 0 914 766 756 511 345 0 0 0 0 0 0 24 84 57 38 0 0 0 0 0 
Hung 0 678 615 517 349 236 3 4 226 2 2 0 15 58 39 26 0 0 0 0 0 
Irel 0 273 219 175 118 80 0 1 1 1 1 0 5 37 25 17 0 0 1 1 0 
Ital 0 7406 5532 4286 2895 1956 2 5 122 2 3 2 135 829 560 378 0 5 18 12 8 
Latv 0 225 143 177 120 81 0 0 0 0 0 0 0 17 12 8 0 0 0 0 0 
Lith 0 347 206 227 154 104 0 0 2 0 0 0 0 13 8 6 0 0 0 0 0 
Luxe 0 81 60 48 32 22 1 2 16 10 7 0 14 14 9 6 0 0 1 1 1 
Mace 0 89 50 47 32 21 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Mold 0 156 84 82 55 37 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Table 6-8 (continued): Total costs of nitrogen oxides (NO x) reductions (in millions of ECU per year) in the Reference Scenario, the Maximum Feasible 
Reduction Scenario, the Optimal Abatement Strategy, the Gothenburg Scenario and the Gothenburg Optimisation. 
Ref3 Maximum Feasible Reduction Optimal QAl\<D.20 for 62010) Gothenburg Scenario Gothenburg Optimisation 
1990 1990 2000 2010 2020 2030 1990 2000 2010 2020 2030 1990 2000 2010 2020 2030 1990 2000 2010 2020 2030 
Neth 0 1769 1233 886 599 404 31 115 424 245 210 4 281 240 162 109 2 5 81 56 38 
Norw 0 609 482 523 353 239 0 0 1 1 1 0 98 131 89 60 0 0 0 0 0 
Pola 0 2852 2308 1523 1029 695 28 159 788 72 124 0 145 93 63 42 0 0 9 6 4 
Port 0 933 916 917 620 419 0 0 0 0 0 0 13 13 9 6 0 0 0 0 0 
Roma 0 1088 709 659 445 301 0 2 11 0 1 0 0 1 1 0 0 0 0 0 0 
Ruka 0 58 40 36 24 17 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Ruko 0 166 90 94 63 43 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Rure 0 7010 3907 3807 2572 1738 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Rusp 0 440 245 232 156 106 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Russ 0 7674 4282 4169 2816 1903 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Skre 0 559 403 304 206 139 5 7 134 2 1 0 27 40 27 18 0 0 1 0 0 
Slov 0 195 133 115 78 53 1 1 17 0 0 0 5 8 5 4 0 0 0 0 0 
Spai 0 4125 3394 2855 1929 1303 0 0 3 1 1 0 39 246 166 112 0 0 1 1 1 
Swed 0 939 743 653 441 298 0 1 4 3 2 18 128 272 184 124 0 0 0 0 0 
Swit 0 788 568 437 295 199 0 1 18 0 1 107 169 172 116 79 0 1 23 12 14 
Ukra 0 3630 2089 1925 1300 878 0 5 17 3 2 0 0 15 10 7 0 0 0 0 0 
Unki 0 6999 5346 4672 3156 2132 16 30 721 151 257 0 787 1723 1164 786 0 9 26 30 39 
Yugo 0 515 297 257 174 117 0 0 3 0 0 0 1 2 1 1 0 0 0 0 0 
Europe 0 66382479383987826942 18202 1387 3537 7597 2810 2510 1517 5266 8164 5516 3722 20 63 914 601 425 
Reduction costs are zero for all years in the Reference Scenario. 
Table 6-9: Ammonia (NH 3 ) emission levels (in kton per year) in the Reference Scenario, the Maximum Feasible Reduction Scenario, the Optimal 
Abatement Strategy, the Gothenburg Scenario and the Gothenburg Optimisation. See for country abbreviations Appendix 6-A. 
Reference 3 Max. Feasible Red. 3 Optimal ([^/]<0.20 for/>2010) Gothenburg Scenario 3 Gothenburg Optimisation 
1990 2000 2010 1990 2000 2010 1990 2000 2010 2020 2030 1990 2000 2010 1990 2000 2010 2020 2030 
Alba 32 31 35 22 24 25 32 31 35 35 35 32 31 35 32 31 35 35 35 
Aust 77 67 67 54 48 48 77 66 53 66 66 77 67 66 77 66 53 55 53 
Bela 219 144 163 141 93 103 219 144 140 163 163 219 144 158 219 144 163 163 163 
Belg 97 99 96 60 60 57 96 84 62 81 79 97 99 74 97 97 81 76 77 
Bohe 31 23 23 23 17 17 31 23 22 23 23 31 23 23 31 23 23 23 23 
Bulg 141 97 126 102 72 86 140 97 109 126 125 141 97 108 141 97 125 126 125 
Croa 40 37 37 25 21 22 40 29 29 37 37 40 37 30 40 36 37 37 37 
Czre 107 85 108 74 57 72 80 57 72 101 91 107 85 101 107 85 105 105 105 
Denm 77 77 72 49 45 42 75 74 68 68 65 77 77 69 76 74 65 62 63 
Esto 29 19 29 17 12 16 29 19 29 29 29 29 19 29 29 19 29 29 29 
Fini 40 34 31 30 25 23 40 34 31 31 31 40 34 31 40 34 31 31 31 
Fran 807 767 777 557 523 525 801 711 674 719 719 807 767 777 801 762 719 693 693 
Germ 757 633 571 456 383 349 638 473 377 377 377 757 633 550 713 556 418 420 419 
Gree 80 73 74 65 59 59 80 73 73 74 74 80 73 73 80 73 74 74 74 
Hung 120 95 137 64 52 73 95 75 94 108 108 120 95 90 120 94 108 108 108 
Irel 127 124 130 109 104 110 127 124 130 130 130 127 124 116 127 124 130 130 130 
Ital 462 428 432 294 266 268 459 425 357 429 429 462 428 419 459 425 357 357 357 
Latv 43 22 35 26 13 19 43 22 28 35 35 43 22 35 43 22 35 35 35 
Lith 80 59 81 49 38 49 80 59 71 81 81 80 59 81 80 59 81 81 81 
Luxe 7 7 9 6 6 7 7 7 8 8 8 7 7 7 7 7 8 8 8 
Mace 17 16 16 12 11 11 17 16 16 16 16 17 16 16 17 16 16 16 16 
Mold 47 39 48 28 24 29 47 39 48 48 48 47 39 42 47 39 48 48 48 
Table 6-9 (continued): Ammonia (NH3) emission levels (in kton per year) in the Reference Scenario, the Maximum Feasible Reduction Scenario, the 
Optimal Abatement Strategy, the Gothenburg Scenario and the Gothenburg Optimisation. 
Reference" Max. Feasible Red." Optimal ([Al]<0.20 for />2010) Gothenburg Scenario" Gothenburg Optimisation 
1990 2000 2010 1990 2000 2010 1990 2000 2010 2020 2030 1990 2000 2010 1990 2000 2010 2020 2030 
Neth 233 199 191 119 106 102 206 161 134 134 127 233 199 128 229 161 134 120 114 
Norw 23 22 21 19 17 17 23 22 21 21 21 23 22 21 23 22 21 21 21 
Pola 505 469 541 349 312 354 472 420 356 502 483 505 469 468 505 469 515 515 515 
Port 71 67 67 46 44 44 71 67 67 67 67 71 67 67 71 67 67 67 67 
Roma 292 246 304 193 171 206 291 225 275 303 276 292 246 210 292 246 303 303 303 
Ruka 11 9 11 7 6 7 11 9 11 11 11 11 9 11 11 9 11 11 11 
Ruko 6 4 4 3 2 2 6 4 4 4 4 6 4 4 6 4 4 4 4 
Rure 1221 741 845 800 497 542 1221 741 844 844 844 1221 741 845 1221 741 845 845 845 
Rusp 44 29 33 28 19 20 44 29 33 33 33 44 29 33 44 29 33 33 33 
Russ 1282 782 894 838 524 571 1282 782 893 893 893 1282 782 893 1282 782 894 894 894 
Skre 60 40 47 40 26 30 52 34 33 40 40 60 40 39 60 40 47 47 47 
Slov 23 19 21 14 12 12 23 16 15 21 21 23 19 20 23 19 16 16 16 
Spai 352 380 383 215 224 225 352 380 383 383 383 352 380 353 352 380 383 383 383 
Swed 61 61 61 45 45 45 61 61 59 61 59 61 61 57 61 61 61 61 61 
Swit 72 67 66 55 53 52 72 67 63 66 66 72 67 63 71 61 56 56 57 
Ukra 729 532 649 470 350 406 728 532 591 648 648 729 532 592 728 532 648 648 648 
Unki 329 307 297 241 226 218 307 276 255 265 264 329 307 297 329 307 265 264 264 
Yugo 90 79 82 59 53 54 89 79 76 82 82 90 79 82 90 79 82 82 82 
Europe 7559 6246 6721 4966 4116 4346 7282 5804 5747 6271 6199 7559 6246 6220 7499 6109 6233 6189 6182 
Emission levels for 2020 and 2030 are equal to the emission levels in 2010. 
Table 6-10: Ammonia (NH 3) abatement (in percentage of the Reference Scenario emissions) in the Reference Scenario, the Maximum Feasible 
Reduction Scenario, the Optimal Abatement Strategy, the Gothenburg Scenario and the Gothenburg Optimisation. See for country abbreviations 
Appendix 6-A. 
Ref Maximum Feasible Reduction" Optimal ([A[]<a.20 for 62010) Gothenburg Scenario" Gothenburg Optimisation 
1990 1990 2000 2010 1990 2000 2010 2020 2030 1990 2000 2010 1990 2000 2010 2020 : 2030 
Alba 0 33 24 30 0 0 0 0 0 0 1 0 0 0 0 0 0 
Aust 0 30 29 29 1 2 21 1 1 0 1 1 0 2 20 18 20 
Bela 0 36 35 37 0 0 14 0 0 0 0 3 0 0 0 0 0 
Belg 0 38 40 41 2 15 36 15 18 0 0 23 0 2 15 21 20 
Bohe 0 25 26 26 0 0 2 0 0 0 0 0 0 0 0 0 0 
Bulg 0 27 26 31 0 0 13 0 0 0 0 14 0 0 0 0 0 
Croa 0 37 42 42 0 20 22 0 0 0 0 19 0 0 0 0 0 
Czre 0 31 33 33 25 33 33 6 16 0 0 6 0 0 2 2 2 
Denm 0 36 42 42 2 3 5 5 9 0 0 4 1 3 9 14 13 
Esto 0 40 38 44 0 0 0 0 0 0 2 0 0 0 0 0 0 
Fini 0 25 25 25 0 0 0 0 0 1 0 0 0 0 0 0 0 
Fran 0 31 32 32 1 7 13 7 7 0 0 0 1 1 7 11 11 
Germ 0 40 39 39 16 25 34 34 34 0 0 4 6 12 27 26 27 
Gree 0 18 19 20 0 0 2 0 0 0 1 1 0 0 0 0 0 
Hung 0 47 45 47 21 21 31 21 21 0 0 34 0 0 21 21 21 
Irel 0 15 15 15 0 0 0 0 0 0 0 11 0 0 0 0 0 
Ital 0 36 38 38 1 1 17 1 1 0 0 3 1 1 17 17 17 
Latv 0 39 40 45 0 0 20 0 0 0 0 0 0 0 0 0 0 
Lith 0 38 35 39 0 0 13 0 0 0 0 0 0 0 0 0 0 
Luxe 0 22 21 21 0 2 2 3 3 1 1 18 0 2 3 3 3 
Mace 0 28 28 28 0 0 0 0 0 0 0 0 0 0 0 0 0 
Mold 0 40 38 40 0 0 0 0 0 0 0 12 0 0 0 0 0 
Table 6-10 (continued): Ammonia (NH3) abatement (in percentage of the Reference Scenario emissions) in the Reference Scenario, the Maximum 
Feasible Reduction Scenario, the Optimal Abatement Strategy, the Gothenburg Scenario and the Gothenburg Optimisation. 
Ref Maximum Feasible Reduction b Optimal ([AF\<0.20 for t>2010) Gothenburg Scenario b Gothenburg Optimisation 
1990 1990 2000 2010 1990 2000 2010 2020 2030 1990 2000 2010 1990 2000 2010 2020 2030 
Neth 0 49 47 47 12 19 30 30 34 0 0 33 2 19 30 37 40 
Norw 0 20 21 21 0 0 0 0 0 1 0 0 0 0 0 0 0 
Pola 0 31 34 35 6 10 34 7 11 0 0 14 0 0 5 5 5 
Port 0 35 34 33 0 0 0 0 0 0 0 0 0 0 0 0 0 
Roma 0 34 31 32 0 9 9 0 9 0 0 31 0 0 0 0 0 
Ruka 0 33 35 38 0 0 0 0 0 2 0 2 0 0 0 0 0 
Ruko 0 41 41 44 0 0 0 0 0 0 0 6 0 0 0 0 0 
Rure 0 34 33 36 0 0 0 0 0 0 0 0 0 0 0 0 0 
Rusp 0 38 37 40 0 0 0 0 0 1 2 0 0 0 0 0 0 
Russ 0 35 33 36 0 0 0 0 0 0 0 0 0 0 0 0 0 
Skre 0 33 34 35 13 14 30 14 14 0 0 17 0 0 0 0 0 
Slov 0 38 37 43 0 18 28 0 0 0 0 3 0 0 21 21 21 
Spai 0 39 41 41 0 0 0 0 0 0 0 8 0 0 0 0 0 
Swed 0 26 26 26 0 0 3 1 3 0 0 7 0 0 0 0 0 
Swit 0 24 22 21 0 0 5 0 0 0 1 5 1 9 15 15 14 
Ukra 0 36 34 38 0 0 9 0 0 0 0 9 0 0 0 0 0 
Unki 0 27 27 27 7 10 14 11 11 0 0 0 0 0 11 11 11 
Yugo 0 34 33 34 0 0 8 0 0 0 0 0 0 0 0 0 0 
Abatement is zero for all years in the Reference Scenario. 
Percentages for 2020 and 2030 are equal to 2010. 
Table 6-11: Total costs of ammonia (NH 3) reductions (in millions of ECU per year) in the Reference Scenario, the Maximum Feasible Reduction 
Scenario, the Optimal Abatement Strategy, the Gothenburg Scenario and the Gothenburg Optimisation. See for country abbreviations Appendix 6-A. 
Ref Maximum Feasible Reduction Optimal ([^/]<0.20 for />2010) Gothenburg Scenario Gothenburg Optimisation 
1990 1990 2000 2010 2020 2030 1990 2000 2010 2020 2030 1990 2000 2010 2020 2030 1990 2000 2010 2020 2030 
Alba 0 52 40 27 18 12 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Aust 0 410 253 165 112 75 0 2 41 0 0 0 0 0 0 0 0 2 39 21 18 
Bela 0 580 288 198 133 90 0 0 4 0 0 0 0 1 1 0 0 0 0 0 0 
Belg 0 462 334 226 153 103 1 24 131 11 11 0 0 43 29 20 0 1 16 23 14 
Bohe 0 99 53 36 24 16 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Bulg 0 316 130 135 91 61 0 0 3 0 0 0 0 3 2 2 0 0 0 0 0 
Croa 0 147 80 54 37 25 0 2 2 0 0 0 0 1 1 1 0 0 0 0 0 
Czre 0 384 223 187 127 86 190 223 187 3 13 0 0 5 3 2 0 0 1 1 0 
Denm 0 576 476 305 206 139 1 1 3 2 5 0 0 1 1 0 0 1 10 20 10 
Esto 0 91 39 40 27 18 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Finl 0 168 100 62 42 28 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Fran 0 1797 1143 785 531 358 0 26 77 12 8 0 0 0 0 0 0 0 18 32 22 
Germ 0 2644 1466 856 579 391 574 609 532 360 243 0 0 7 5 3 32 122 317 199 142 
Gree 0 212 140 101 68 46 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Hung 0 566 248 225 152 103 4 2 31 1 1 0 0 49 33 22 0 0 2 1 1 
Irel 0 434 301 220 149 101 0 0 0 0 0 0 0 52 35 24 0 0 0 0 0 
Ital 0 890 550 378 255 172 0 0 36 0 0 0 0 4 3 2 0 0 36 25 17 
Latv 0 144 48 52 35 24 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 
Lith 0 250 120 112 76 51 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 
Luxe 0 12 8 7 5 3 0 0 0 0 0 0 0 4 3 2 0 0 0 0 0 
Mace 0 44 29 20 13 9 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Mold 0 157 85 58 39 26 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 
Table 6-11 (continued): Total costs of ammonia (NH 3) reductions (in millions of ECU per year) in the Reference Scenario, the Maximum Feasible 
Reduction Scenario, the Optimal Abatement Strategy, the Gothenburg Scenario and the Gothenburg Optimisation. 
Ref Maximum Feasible Reduction Optimal ([^/]<0.20 for 62010) Gothenburg Scenario Gothenburg Optimisation 
1990 1990 2000 2010 2020 2030 1990 2000 2010 2020 2030 1990 2000 2010 2020 2030 1990 2000 2010 2020 : 2030 
Neth 0 1196 656 426 288 194 39 50 95 64 61 0 0 127 86 58 1 49 95 123 111 
Norw 0 111 72 49 33 22 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 
Pola 0 1322 876 754 509 344 22 51 714 8 20 0 0 80 54 37 0 0 2 2 1 
Port 0 448 264 178 120 81 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Roma 0 885 486 381 257 174 0 3 3 0 1 0 0 276 187 126 0 0 0 0 0 
Ruka 0 35 16 13 9 6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Ruko 0 20 9 8 5 4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Rure 0 3402 1517 1268 857 579 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Rusp 0 141 64 54 36 25 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Russ 0 3598 1606 1343 907 613 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Skre 0 200 105 79 53 36 3 2 35 1 1 0 0 4 2 2 0 0 0 0 0 
Slov 0 70 45 29 20 13 0 1 3 0 0 0 0 0 0 0 0 0 1 1 0 
Spai 0 1669 1380 933 630 426 0 0 0 0 0 0 0 13 9 6 0 0 0 0 0 
Swed 0 216 149 100 68 46 0 0 1 0 0 0 0 3 2 1 0 0 0 0 0 
Swit 0 199 120 78 53 36 0 0 3 0 0 0 0 2 2 1 1 12 25 17 9 
Ukra 0 2157 1134 970 655 443 0 0 11 0 0 0 0 11 7 5 0 0 0 0 0 
Unki 0 832 539 351 237 160 11 14 31 7 5 0 0 0 0 0 0 0 10 7 5 
Yugo 0 374 233 158 107 72 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 
Europe 0 237121381910078 6809 4597 845 1010 1947 469 369 1 0 687 466 314 34 187 572 472 350 
Reduction costs are zero for all years in the Reference Scenario. 
Table 6-12: Total emission reduction costs per country (in millions of ECU per year) in the Reference Scenario, the Maximum Feasible Reduction 
Scenario, the Optimal Abatement Strategy, the Gothenburg Scenario and the Gothenburg Optimisation. See for country abbreviations Appendix 6-A. 
Ref Maximum Feasible Reduction Optimal QAI]<0.20 v 62010) Gothenburg Scenario Gothenburg Optimisation 
1990 1990 2000 2010 2020 2030 1990 2000 2010 2020 2030 1990 2000 2010 2020 2030 1990 2000 2010 2020 : 2030 
Alba 0 130 115 108 73 49 0 0 3 0 0 0 0 0 0 0 0 0 0 0 0 
Aust 0 1412 1037 778 526 355 135 161 428 49 34 193 240 292 198 133 9 93 140 84 66 
Bela 0 1765 863 787 531 359 0 16 77 37 32 0 0 11 8 5 0 0 0 0 0 
Belg 0 2126 1505 1179 796 538 283 335 635 304 215 55 157 373 252 170 94 137 247 190 119 
Bohe 0 460 245 197 133 90 0 58 52 27 19 0 0 0 0 0 0 0 0 0 0 
Bulg 0 1539 805 765 517 349 33 53 107 8 5 0 10 29 20 13 0 0 12 8 5 
Croa 0 486 326 269 182 123 34 32 45 6 8 0 13 14 9 6 0 0 8 1 2 
Czre 0 2128 1287 1007 680 459 1031 879 931 331 245 9 238 174 117 79 0 211 203 137 92 
Denm 0 1469 1125 761 514 347 121 89 142 104 75 39 100 126 85 58 0 53 56 66 40 
Esto 0 425 225 203 137 93 0 0 14 0 0 0 0 0 0 0 0 13 33 11 7 
Fini 0 1064 862 682 461 311 0 0 23 0 0 32 164 196 133 90 0 0 69 27 18 
Fran 0 10390 7598 5448 3681 2487 334 572 1001 584 398 59 954 1332 900 608 0 218 357 352 262 
Germ 0 1625211327 8111 5480 3702 4482 5195 5656 3144 2446 2014 3222 3293 2225 1503 1098 1135 2102 1312 872 
Gree 0 1508 1201 1143 772 521 0 0 0 0 0 27 60 84 57 38 0 0 0 0 0 
Hung 0 1494 1039 883 596 403 139 139 390 74 51 0 38 149 101 68 0 0 73 43 29 
Irel 0 818 629 491 332 224 0 44 47 32 26 0 33 135 91 62 0 0 41 30 21 
Ital 0 10115 7217 5439 3674 2482 102 286 677 132 95 292 428 1220 824 557 100 327 573 319 213 
Latv 0 446 231 262 177 120 0 0 11 0 0 0 0 17 12 8 0 0 10 2 1 
Lith 0 706 374 374 252 171 12 17 27 8 6 0 0 13 8 6 0 0 4 0 0 
Luxe 0 111 79 61 41 28 8 6 23 14 10 0 15 20 14 9 0 2 4 3 2 
Mace 0 215 129 98 66 45 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Mold 0 413 210 170 115 78 0 0 6 0 0 0 0 1 1 0 0 0 0 0 0 
Table 6-12 (continued): Total emission reduction costs per country (in millions of ECU per year) in the Reference Scenario, the Maximum Feasible 
Reduction Scenario, the Optimal Abatement Strategy, the Gothenburg Scenario and the Gothenburg Optimisation. 
Ref Maximum Feasible Reduction Optimal ([^(/]<0.20 for 62010) Gothenburg Scenario Gothenburg Optimisation 
1990 1990 2000 2010 2020 2030 1990 2000 2010 2020 2030 1990 2000 2010 2020 2030 1990 2000 2010 2020 2030 
Neth 0 3267 2079 1428 965 652 257 345 629 383 321 44 355 436 294 199 48 171 286 252 199 
Norw 0 779 593 596 402 272 0 0 1 1 1 14 134 153 104 70 0 0 0 0 0 
Pola 0 5758 4353 3195 2158 1458 1103 1085 2421 545 461 0 308 459 310 210 0 0 415 279 189 
Port 0 1586 1356 1236 835 564 0 0 0 0 0 5 65 49 33 22 0 0 0 0 0 
Roma 0 2477 1447 1220 824 557 133 127 161 59 44 0 14 284 192 130 0 0 21 1 1 
Ruka 0 117 65 57 38 26 1 4 5 2 2 0 1 1 1 0 0 0 0 0 0 
Ruko 0 478 229 209 141 95 4 43 98 22 14 0 2 11 7 5 0 0 21 8 5 
Rure 0 12313 6160 5690 3844 2597 0 0 0 0 0 0 35 80 54 37 0 0 0 0 0 
Rusp 0 749 373 337 228 154 0 0 0 0 0 0 4 7 5 3 0 0 0 0 0 
Russ 0 13657 6827 6293 4252 2872 5 46 104 24 15 0 40 99 67 45 0 0 21 8 5 
Skre 0 974 598 442 299 202 171 94 228 33 22 0 57 69 47 31 0 0 27 17 12 
Slov 0 353 227 179 121 82 49 37 53 13 8 2 11 26 17 12 0 11 20 13 9 
Spai 0 6661 5572 4319 2918 1971 38 35 239 129 98 1 170 418 283 191 38 35 213 107 70 
Swed 0 1374 1160 959 648 438 8 42 67 50 37 63 237 380 257 173 33 65 76 44 29 
Swit 0 1119 776 575 389 263 2 5 78 2 2 122 187 208 141 95 7 37 106 68 50 
Ukra 0 7384 3823 3332 2251 1521 9 113 362 48 71 0 17 83 56 38 0 4 97 43 27 
Unki 0 11747 7736 6134 4144 2799 752 791 1408 600 561 0 959 2004 1354 915 0 352 485 345 312 
Yugo 0 1331 749 588 397 268 0 59 130 1 21 0 9 41 28 19 0 0 0 0 0 
Europe 0 126252 81885 6540244183 29850 92411066116176 6742 5327 2971 827012268 8292 5600 1427 2864 5699 3762 2652 
Total reduction costs are zero for all years in the Reference Scenario. 
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7 Dynamic Efficiency with Multi-Pollutants and 
Multi- Targets: the Case of Acidification and 
Tropospheric Ozone Formation in Europe1 
Abstract 
In this chapter we consider two important aspects in the complex problem of 
transboundary air pollution in Europe, namely (i) the interdependence of the problems 
of tropospheric ozone and acidification and (ii) the dynamic processes related to soil 
acidification. We develop an optimal control model to analyse the interaction between 
acidification as a stock pollutant and tropospheric ozone as a flow pollutant for several 
countries. Using a cost-benefit framework an analysis is performed to determine 
efficient emission paths for nitrogen oxides, sulphur dioxide and volatile organic 
compounds. The model jointly analyses acidification and ozone. The current European 
reduction plans do not fully take into account the multi-pollutants multi-targets nature of 
the problem. In addition, the plans allow for temporary exceedance of critical loads 
without considering the consequences for the temporal development of the soil quality. 
This chapter shows the complex relations and interactions which one should deal with 
while designing policies that are efficient with respect to the cross-effects between the 
different environmental problems. It also shows how dynamic efficient abatement 
strategies would look if the cross effects and the dynamic processes in soil acidification 
are explicitly incorporated in the analysis. 
7.1 Introduction 
Currently many soils in Europe face acid deposition far in excess of their specified 
critical loads2, and ozone concentrations exceed critical levels in many places (Posch et 
al., 1997). Acidification has negative impacts on water, soil and ecosystems. The main 
acidifying compounds are sulphur dioxide (S02), nitrogen oxides (NOx) and ammonia 
(NH3). Sulphur dioxide and nitrogen oxides are often produced together, most typically 
by the burning of fossil fuels. Ammonia emissions are primarily produced in the 
agricultural sector. The dynamic aspects in soil acidification are important for analysing 
the temporal development of the quality of soils. Acid depositions above the critical 
load are harmful. The longer critical loads are exceeded, and the higher this exceedance 
1 This chapter is joint work with Ekko C. van Ierland and Leen Hordijk and has been 
submitted to Environmental and Resource Economics. 
An earlier version of this chapter has been presented on the World Congress of 
Environmental and Resource Economists, Venice Italy on June 25-27 1998. We kindly 
thank Erwin Bulte, Corjan Brink and Carolien Kroeze for useful suggestions. 
2 A critical load for acidity is defined as a quantitative estimate of an exposure to one or 
more pollutants below which significant harmful effects on specified elements of the 




is, the greater the expected damage will be. Also from an economic point of view 
dynamics are of importance, and trade-offs between 'early and late' reductions are to be 
made. Early reductions are costly compared to late reductions, but early reductions lead 
to lower environmental damage than late reduction. The discount rate and technological 
change play important roles in this trade-off. A country's emissions of sulphur dioxide 
and nitrogen oxides not only affect the domestic environment, but are also transported 
by the wind to other countries. In Europe, about two-thirds of domestic emissions, on 
average, precipitate in other countries (Barrett and Berge, 1996b pp. 69-71). 
Tropospheric ozone (sometimes called ground-level ozone (O3) or photochemical 
smog, in this chapter we use tropospheric ozone and ozone interchangeably) is harmful 
to humans, animals and vegetation. Ozone results from photochemical reactions 
between nitrogen oxides and volatile organic compounds (VOC) in the air. Volatile 
organic compound are mainly emitted by the chemical industries and transport sector. 
As is the case with acidification, volatile organic compounds, and ozone itself are 
transported by air to other countries. Moreover, reduction measures in one country 
affect ozone levels in neighbouring countries. A major complication in the development 
of an efficient strategy is that NO x reduction required to reduce acidification and 
eutrophication, can lead to an increase or a decrease in ozone levels, depending on the 

















agriculture NH 3 eutrophication 1^ environment 
terrestrial eco-








Figure 7-1: The transboundary air pollution problem. Relations between the main 
sources, emitted compounds and receptors. Based on Grennfelt et al. (1993) and 
Graedel and Crutzen (1993). This study pays special attention to the grey shaded boxes 
and their linkages. 
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Figure 7-1 shows the main emission sources and the most important pollutants for 
four important environmental problems along with the main receptors that are affected 
by these environmental problems. The problems of acidification and tropospheric ozone 
formation are both influenced by nitrogen oxides emissions. Figure 7-1 shows that 
different problems are connected at the 'source- side' by both the pollutant related to the 
problem, and the source of the pollutant. On the 'effects-side', different receptors are 
affected by more than one problem. In this study we concentrate on the grey shaded 
boxes in Figure 7-1. 
In Europe the transboundary air pollution policies are expressed in protocols 
within the frame work of the Convention on long-range Transboundary Air Pollution 
(LRTAP) under the United Nations Economic Commission for Europe 
(UNECE)(United Nations, 1979). The LRTAP protocols are based on analysis using the 
Regional Air pollution Information and Simulation (RAINS) model (Alcamo et al., 
1990) which takes multi-pollutants and multi-targets into account. The protocols 
themselves are single pollutant single target protocols, meaning that they focus on only 
one pollutant and one effect. Only the most recent protocol (United Nations, 1999a) is 
based on a multi-pollutant multi-target approach addressing tropospheric ozone, 
acidification and eutrophication. This single pollutant approach omits cross effects 
between various pollutants, abatement measures and the interdependence of 
environmental problems related to tropospheric ozone, acidification and eutrophication. 
Clearly, solutions to acidification and tropospheric ozone formation can be found 
at European level and should be analysed in a multi-pollutants multi-targets study taking 
into account the dynamic aspects in soil acidification. Therefore, the primary goal of 
this chapter is to investigate acidification and ozone abatement strategies in a multi-
pollutants multi-targets framework in a stock-flow model. Important questions to be 
answered are (i) what interconnections exist between the environmental issues under 
consideration? (ii) how does a single-pollutant approach affect the other pollutants? (iii) 
what are the complicating factors? (iv) what role do dynamic aspects in soil 
acidification play in efficient solutions? and, (v) how does a dynamic efficient 
abatement strategy look like in a multi-pollutants multi-targets approach? 
In the next section we explain the main factors related to tropospheric ozone and 
dynamic soil acidification modelling. In Section 7.3 we develop an optimal control 
model that incorporates multi-pollutants and multi-targets within a stock flow model. In 
addition, we analyse optimal reduction strategies, the possible implications of the 
interconnections between the environmental problems for the optimal reduction time 
paths and optimal reduction policies. We draw conclusions and give suggestions for 
further improvement and extension of the research in the last section. 
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7.2 Tropospheric ozone formation and soil acidification 
7.2.1 Tropospheric ozone formation 
The formation of ozone is primarily determined by the concentrations of NO x and VOC 
in the air and by the level of solar radiation of wavelength less than about 410 nano 
meter (Graedel and Crutzen, 1993). Kelly and Gunst (1990) and Heyes et al. (1995b) 
give the most important features of the formation of ozone. Other literature related to 
tropospheric ozone modelling can be found in Heyes et al. (1995b; 1996). The relation 
between the concentrations of VOC and NO x and ozone formation is shown in Figure 
7-2. The figure shows ozone isoplethes for various combinations of NO x and VOC 
concentrations in the air. A complicating factor is the non-linear relation between the 
concentration of ozone in the air and its precursors NOx and VOC. Moreover, abatement 
of nitrogen oxides emissions can lead to an increase or a decrease in tropospheric ozone 
concentrations depending on the NO x and VOC concentration ratio, which differs for 
various geographical locations in Europe. 
Reduction of NO x emissions may increase ozone levels, especially in the UK, 
Germany, the Netherlands, Belgium, and Luxembourg (Barrett and Berge, 1996b p. 
135). These countries, having relatively high NOx concentrations and a relatively high 
NOx/VOC ratio are located around point A in Figure 7-2. 
0 500 1000 1500 2000 
Volatile organic compounds (ppb) 
Figure 7-2: The relation between VOC andNOx concentrations and tropospheric ozone 
concentration (in parts per billion (ppb)) under specified conditions in an ozone 
isopleth diagram based on Kelly and Gunst (Kelly and Gunst, 1990p. 2998). 
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Starting from point A, VOC abatement (along the horizontal arrow) seems to be 
most effective for reducing ozone concentrations in these countries. NOx emission 
reduction (along the vertical arrow) will initially lead to higher ozone concentrations, 
and will lead to lower ozone concentrations only at very high reduction levels. If these 
countries want to avoid this (temporal) increase they should simultaneously reduce 
VOC emissions. Countries with relatively low NOx concentrations and a relatively low 
NOx/VOC ratio such as Russia, the Ukraine, France, Italy and Spain (Barrett and Berge, 
1996a) are located around point B in Figure 7-2. In these countries the reduction of NOx 
seems to be most effective for reducing ozone concentrations. Other European countries 
have NOx/ VOC ratio's somewhere in between point A and B where both NOx and VOC 
reduction are effective. 
Ozone is considered to be harmful for humans, animals and vegetation. To assess 
the impacts of exposure to tropospheric ozone, both the level and the duration of the 
exposure are important. These two factors are combined in the Accumulated Above 
Threshold (AOT) statistic. We follow the assumptions and the results presented in an 
EMEP MSC-W study (Barrett and Berge, 1996a). More details can be found in 
Karenlampi and Skarby (1996). We use the AOT40 as an indicator for damage to crops 
and vegetation caused by ozone concentrations above a threshold of 40 parts per billion. 
Barrett and Berge (Barrett and Berge, 1996a p. 124) emphasise that these AOT values 
cannot be used as a direct measure for damage. However, for our analytical purpose, we 
assume that AOT values can be used as a direct quantitative damage measure. For more 
details or definitions and possible applications of the AOT concept see Barrett and 
Berge (1996a); in particular Part One Chapter 6 and the references therein. 
EMEP MSC-W has developed linear source-receptor matrices for ozone 
formation very similar to the source receptor relation for acidification. These matrices 
relate changes in VOC and NOx emissions in an emitting country / to changes in ozone 
AOT values (Oj) in a receiving country j related to a base value (0¡ ) as is given in 
equation (1): 
Oj = Oj + wj°x ANOx + w™cAVOC (1) 
where wf°x and w j 0 c are the j ' h rows of the linear transport matrices for nitrogen 
oxides and volatile organic compounds, and ANOx and AVOC represent changes in 
emissions in country i relative to some base year emission. According to 
EMEP MSC W the use of source receptor matrices appear to offer the most promising 
approach to multi-pollutant multi-targets control strategy analysis (Barrett and Berge, 
1996a p. 134). Much criticism exists on the use of linear source receptor relations for 
ozone and may not be applicable in empirical modelling. The ozone formation module 
in the RAINS model that is currently used at IIASA contains non-linear relations 
including quadratic terms, for details see Heyes et al. (1997). Makowski et al. (1998) 
describe the mathematics used in the optimisation procedure and the way RAINS deals 
with the non-linearities in tropospheric ozone formation. In our study the linearised 
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source receptor matrices are useful from a conceptual point of view, and for simplicity 
we employ these linearised source receptor relations for NO x and VOC to determine 
AOT40 values for ozone in a receptor country. 
7.2.2 Soil acidification 
Despite the important dynamic factors related to acidification of soils, the 
environmental economics literature on acidification mainly focuses on critical loads in 
comparative static analysis. Contributions to the literature are Maler (1989), Van Ierland 
(1991) and the RAINS model developed at the International Institute for Applied 
Systems Analysis (IIASA). The RAINS model was first described in Alcamo et al. 
(1990), updates and results can be found in IIASA interim reports, e.g. Amann et al. 
(1999). Dynamic aspects of acidification reduction strategies are examined in only a 
few environmental economic studies, the most important are Kaitala and Pohjola 
(1988), Kaitala et al. (1992), Maler (1994a) and Maler and De Zeeuw(1994b). Kaitala et 
al. (1992) is the only study we found that includes an equation to describe dynamic soil 
acidification based on results from a dynamic soil acidification model. The other studies 
include dynamics from a game theoretical point of view. However, recently, Maler and 
De Zeeuw (1994b) introduced in 'the acid rain differential game' a way to account for 
accumulation of acidification. They assume that the buffer stock for acidification 
decreases when critical loads are exceeded, and increases when depositions are below 
critical loads. Yet, the description of the behaviour of the buffer stock is very simplistic 
and not related to chemical processes in the soil or to the quality of the soil in a way that 
describes 'real' soil acidification. Hettelingh and Posch (1994) show the long recovery 
periods of a temporal exceedance of critical loads. Hettelingh and Posch (1994) 
conclude that it is shown that it is not sufficient to restrict the evaluation of emission 
reductions merely by investigating whether the magnitude of the reduction leads to 
depositions which are lower than the critical loads. Schmieman and Van Ierland (1999) 
perform an economic assessment taking into account dynamics in soil acidification in 
which they show that one should not focus on the critical load, but on indicators that 
measure the quality of the soil. Schmieman and Van Ierland (1999) focussing on 
economic application, show that a dynamic assessment provides useful information and 
can lead to more cost-effective reduction policies. 
We prefer a full specification of soil acidification, because critical loads are 
defined for steady states in which the quantity of acid deposition can be absorbed by the 
ecosystems without doing any harm. By focussing on critical loads and hence on steady 
state outcomes the path towards the steady state remains unknown. Dynamic aspects of 
soil acidification can be indicated by the temporal development of the base saturation of 
a soil, which is defined as the fraction of exchangeable base cations in the solid phase of 
a soil. It is a chemical soil parameter that can be considered to be a soil quality 
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indicator. The fraction of base cations indicates the availability of nutrients in the soil 
and this availability of nutrients influences growth of forests and other vegetation. 
The base saturation at time t, B(t), is defined as stock quantity. The dynamic 
behaviour of the base saturation in a soil can be given by the following state equation3: 
B(f) = ~ ^ = -J3B(0 In B(t) - YDeP(t)B(t) (2) at 
with j8>0 and y>Q as coefficients which can be estimated using dynamic soil 
acidification models, B(t) representing the base saturation expressed as a fraction and 
Dep(t) as a time dependent acid deposition function. By a state transformation of 
0(f) = hxB(t), with B(f) as a fraction, so 0(f) e (- °°,0] and high values are 'good' and 
low values are "bad", the state equation transforms into (omitting subscript t with respect 
t o 0 ) : 
<p=-M>-TDep(t). (3) 
Parameter ¡5 can be interpreted as a recovery rate as it characterises how fast a soil 
responds to (a change in) depositions, and j identifies how well a soil responds to 
(changes in) depositions (Posch, 1998). From equation (2) we can derive that the base 
saturation recovers faster at a lower level (that is, the more a soil is degraded by 
acidification the faster the soil recovers) and that the process of acidification is always 
reversible. This seems to be a suitable description of the behaviour of the base 
saturation (De Vries and Reinds, 1998). 
A lower base saturation will result in a more acidified (and less fertile) soil. If the 
base saturation decreases below a certain critical level Bc4, it is shown that increased 
risks exist for harmful effects in the long term, for example for the vegetation. Here we 
assume that below the critical level of the base saturation (Bc) high marginal 
environmental damage occurs. The critical loads for acid deposition are derived from 
this critical value for B. Critical loads are derived for steady state conditions that is for 
0 = 0. Using equation (2) and Bc which transforms to 0 C (0c=lnfle) and assuming an 
infinite time horizon we can derive the critical load (Depc) for acid deposition from the 
following expression: 
D e P c = ^ . (4) 
r 
If we solve equation (3) for the critical value 0 C it can be seen that 0 C is 
independent of the initial condition of the soil and independent of depositions before the 
The relation is taken from Kaitala et al. (1992) and is derived using a model developed by 
Holmberg (1990). Our equation is slightly different, we set a equal to zero by assuming 
that the term is captured by iDepft) as a kind of background deposition (Posch, 1998) and 
we express the base saturation as a fraction and not as a percentage. 
Based on soil scientific research, we know that a reasonable critical limit for the base 
saturation is about 0.10 or 0.20 (Posch, 1998). 
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time period under consideration (before t=0). This implies that the analysis does not 
have to start before the process of acidification started. By formulating a model that 
incorporates soil dynamics one can determine when the critical base saturation (Bc) will 
be reached given initial conditions of the soil and assuming a known deposition 
function. 
In the next section we develop an optimal control model that accounts for the 
dynamic behaviour of soils and the interconnections of acidification abatement policies 
with the problem of tropospheric ozone. 
7.3 Efficient joint abatement strategies for combating acidification of 
soils and tropospheric ozone in a stock-flow model 
7.3.1 An optimal control model for analysing joint abatement strategies for 
acidification and ozone 
In this section we develop an optimal control model for analysing combined reduction 
strategies for acidification and tropospheric ozone formation. The model includes three 
pollutants S0 2 , NO x and VOC which are denoted by superscripts k=s for sulphur 
dioxide, k=n for nitrogen oxides and k=v for volatile organic compounds, and, two 
resulting environmental problems, soil acidification as a stock pollutant and 
tropospheric ozone as a flow pollutant, denoted by lri-transformed base saturation 0 and 
the AOT ozone level O respectively. The unabated base emission vectors are given by 
E*(with Ei denoting the ith element, representing emissions of pollutant k in country 
i). For reasons of simplicity we assume that E 4 is given, constant over time and known. 
Abatement at time / is given by vector A* , and, emissions and abatement are expressed 
in kilo ton (1 kton=l,000,000 kg). The abatement cost functions are given byCf (Af) 
and are assumed to be twice differentiable, convex and increasing in At (that is 
C* > 0, Cf > 0) at any time t. Furthermore we suppose that the reduction cost 
functions do not depend on the reduction of other pollutants in the same or other 
countries. For the time being we neglect technical progress, resulting in constant 
abatement cost functions over time. Emissions in country i are transported to other 
countries by air, and depositions in receptor country j can be calculated using transport 
matrices M 4 (with k=s or n and dimensions jxi), each element [m^] represents the 
fraction of the emissions of pollutant k in country i transported to country j . Ozone 
formation can be calculated using linearised source receptor matrices W* (with k=n or 
v and dimensions jxi), each element [w*(] represents the change in ozone AOT value in 
country j due to a unit change in the emissions of pollutant k in country i. In addition we 
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This seems reasonable because, in general, a country's emission reduction has the largest 
impact on deposition within the country, hence the diagonal elements of the matrices are 
relatively large compared to off-diagonal elements. 
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assume that the inverse of the transport matrices exists.5 The environmental damage 
from acidification in receptor country j is given by D* {tpj ), with increasing marginal 
damage for a decreasing 0, the first and second derivatives are smaller than zero 
(£>ƒ <0 and £)ƒ <0). Manne and Richels (1995) use a damage function that 
incorporates a threshold value in an optimisation model related to the greenhouse 
problem and call it a hockey-stick formed non-market damage function. We assume a 
function of the same form and we take the same approach. We set the threshold equal to 
the critical load. Damage from ozone increases with an increasing rate and is given by 
D°(Oj) with D°j > 0 and D° > 0. 
The objective of the dynamic optimisation problem in the full cooperative 
solution is to find each country's reduction path that minimises the sum of the total 
environmental damages plus total reduction costs for all countries together (see equation 
(5)-(7)). 
Min £ ] e-" {q(A*) + q{A!) + q{A]))dt 
-=. ,=o ( 5 ) 
+i]e-"{D*y>j) + D°(0J))dt 
subject to: 
<b = -p®-y{Ms(Es-AS) + M"(E"-A")) (6) 
0 = 0 - W n A " - W v A v (7) 
with <B and <D are column vectors of the ln-transformed base saturation and the time 
derivative of the ln-transformed base saturation respectively. Equation (6) gives the 
change in the ln-transformed base saturation as a function of the level of the ln-
transformed base saturation and the deposition of sulphur dioxide and nitrogen oxides. 
Equation (7) calculates ozone levels based on a reference level (O) and changes in 
emissions of nitrogen oxides and volatile organic compounds. 
7.3.2 Efficient abatement strategies for acidification and ozone 
The current value hamiltonian for this problem is: 
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functions, for pollutant k and element [Cf Ak ] represents the marginal abatement costs 
for pollutant k in country i. D^and D^, symbolise column vectors of first order 
derivatives of vector O and <& for the ozone and acidification damage functions 
respectively. Further, mf andwf denote the z'th column of matrix Mk or W A , and, 
mkj and denote they* row of matrix Mk or W*. It should be noted that we can write 
these derivatives in vectors because every single reduction cost function is independent 
for a pollutant within and between countries and does not depend on the reduction level 
of any other pollutant. The same applies to the derivatives of the damage functions; a 
country's damage function does not depend on damage in any other country. 
Consequently, the non-diagonal matrix elements in the matrices containing the 
derivatives are all zero, and, without any loss of information these diagonal matrices can 
be transformed into vectors by multiplication with a unit column or row vector. 
The first order and necessary conditions are given by equation (9) to (13) and 
superscript T denotes the transpose of a matrix. 
H . =CS +yMsTX = 0 (9) 
A A 
H n=Cnn+yM"T'k-WnTT>oo=0 (10) 
# = C V V - W V R D £ = 0 (11) 
A A 
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// = £(cf(40+cf(4")+c;(4v)) 
i=l 
+ £ ( D } ( 0 , ) + D ? ( O > W } A " - W , A V ) ) (8) 
7=1 
+ - r ( « i ( E S - A * ) + m 5 ( E " - A " ) ) 
/=i 
To state the first order conditions an introduction of notation is necessary. They* 
element of the column vector X represents the costate multiplier associated with the In-
transformed base saturation in country j . H k denote column vectors of first order 
derivative of scalar H to vectors A 4 , C * ( A A ) is a column vector of abatement cost 
functions for pollutant k and element [Cf (Af)] represents the abatement cost function 
for pollutant k in country i. Ck k is a column vector of the marginal abatement costs, 
and Ck , , is a column vector with the second derivatives of the abatement cost 
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i = r l - ~ = l(r + P)-B% (12) 
© = -p®-y(Ms(Es - AS) + M"(E" - A " ) ) (13) 
The optimal marginal costs of sulphur reduction are then given by solving 
equation (9) for X, differentiate to time, equate to (12), substitute for X and solve for the 
marginal reduction cost of sulphur dioxide. 
Cls=Tk[CSAs^S-nsTK) (14) 
Which says that, along the optimal path, the marginal cost of SO2 reduction is 
determined by the change in the marginal costs, the change in the abatement level and 
the marginal damage due to acidification. Both the discount and the recovery rate have 
the same effect. A high recovery rate reduces the level of present abatement relative to a 
low recovery rate. A high discount rate reduces the value of future costs and damages 
and makes later reduction less costly relative to early reduction. The right hand side of 
equation (14) includes the present value of the change of the marginal abatement costs 
due to a change in the abatement level, minus the present value of the marginal damage 
caused by unabated emissions. Remember that monetary damage is decreasing in the In-
transformed base saturation, so the elements in £)£ are all negative and the optimal 
abatement level is higher for more acidified soils. Because of the asymmetric 
transboundary nature of the acidification problem, damages are multiplied ('weighted') 
T 
by the transposed transport matrix Ms . Consistent with Hotellings' efficiency rule for 
natural resources, the relative change in marginal abatement costs minus the marginal 
damage should be equal to the sum of the discount rate and the decay rate: 
T 
A* A* yM
S »1 \=r + p (15) 
with C s as a vector with elements l/c« . 5 . The results are similar to optimal 
I JAii 
paths of abatement for greenhouse gases, see for example Falk and Mendelsohn (1993). 
The optimal marginal costs for NOx abatement are given by: 
CA» =Tk{c:r,AÁn-^"T<y^o- 06) 
Marginal costs of nitrogen oxides reduction differ from marginal sulphur dioxide 
reduction by the last term in equation (16). This term takes into account the 
instantaneous ozone damage in all countries due to a change in the nitrogen oxides 
abatement level in a country. Due to the non-linear relations between NOx and VOC 
concentrations in the air and ozone formation (as described in Section 2.3) the 
magnitude of the term is not clear at forehand. The signs of the elements of the transport 
matrices associated with NOx and VOC emission changes can be determined from the 
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source receptor relations presented in Simpson et al., (1997) appendix B. The elements 
in the VOC transport matrix are all positive, which means that any reduction of VOC 
emissions in any country leads to a decrease in ozone in all countries. For NOx the 
situation is more complicated, the signs of the elements in the transport matrix can be 
positive as well as negative depending on the country.6 Three groups are important to 
distinguish: For the first group of countries all the relevant elements in the source 
receptor matrix are positive, and a decrease (increase) of NO x emission always leads to 
a decrease (increase) in ozone AOT40. For the second group of countries all the 
relevant elements are negative and a decrease (increase) always results in a increase 
(decrease) in ozone AOT40. For the third group of countries both positive and negative 
effects exist. These countries are located somewhere in the middle of Figure 2-5. The 
total effect of an NO x emission reduction on ozone levels is not clear for this third group 
of countries. 
The importance of a multi-pollutants approach becomes clear after examining 
equation (16). For a country i for which a NOx reduction leads to lower ozone values in 
every receptor country j , the elements of the i'h column of W n are positive, D°0 < 0 and 
the effect on ozone increases the optimal marginal reduction cost and thus the optimal 
abatement level. Optimal reduction policies based on a single target approach (e.g. the 
reduction of acidification) would underestimate the optimal abatement level because the 
approach would not account for ozone damage. Therefore, the environment can benefit 
from the multi-pollutants multi-targets approach employed here. However, for countries 
from the second group, where NOx abatement leads to higher ozone levels, the cross-
effect decreases the optimal abatement level and, though economically efficient, the 
environment is worse-off. For countries from the third group both increasing and 
decreasing effects on ozone levels exist and the total effect depends on the reduction 
level and the magnitude of the coefficients, and the influence of the interactions on the 
optimal abatement level remains unclear. 
To further investigate the inter-connection between SO2 and NO x abatement we 
express marginal S0 2 reduction costs in terms of marginal NOx reduction costs and 
ozone damage by solving equation (16) for D£,, After substituting D£, in equation (14) 
the following expression results 
C 5 = 1 f C \ ks-MsTM"T C" À" ^ 
A A A* A* 
J 
7 — 1 / j 
+ M n I W" D 0 + C ^ H .(17) 
After examination of equation (17) we can see that optimal marginal S0 2 
reduction costs also depend on the change in marginal costs and associated abatement 
level of nitrogen oxides, which are related to an optimal allocation over time. The 
second term represents the instantaneous change in ozone damage and marginal 
Although we assume constant source receptor matrices in time, in fact they are not, 
because the source receptor relations as presented by EMEP MSC W appendix B 
(Simpson et al., 1997 p. 47) depend on the emission level (and hence change over time). 
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nitrogen oxides abatement costs due to a change in S0 2 abatement costs. However, the 
off-diagonal elements in the inverse of the transport matrices for acidification likely 
contain negative elements. Therefore, the effect can be both negative and positive. It is 
not easy to solve this analytically (Maler and De Zeeuw, 1998 p. 173). 
The ln-transformed base saturation will converge to the steady state, which we can 
derive from equation (2). The associated optimal level of S0 2 and NO x abatement in all 
countries can be determined from the control problem for known functional forms with 
0 = 0 and <D = <D C in equation (6). These optimal abatement levels are comparable to a 
comparative static analysis in which the objective is to reach the critical loads in a cost-
benefit framework. However, contrary to the analysis described in the literature so far, 
the results obtained with our model give insights in the paths that lead to the optimal 
emission reduction level. 
Ozone, partially caused by emissions of volatile organic compounds, is a flow 
pollutant only. Marginal abatement cost for VOC as a function of marginal S0 2 and 
NO x reduction costs are given by 
C v = W v 7 W " r C" - M ^ M ^ ' w ^ W 7 C* . (18) 
AV A" AS 
The optimal marginal VOC reduction costs are equal to the weighted marginal 
reduction costs of N0 X adjusted for the effect of VOC reduction on sulphur dioxide 
reduction costs. It is shown that the optimal marginal VOC reduction costs are 
independent of the recovery rate for soil acidification (ft) and the interest rate, although 
the marginal reduction costs for N0 X and S0 2 depend on r and j8 according to equations 
(14) and (16). 
The described model is a theoretical one. However, empirical application, in 
principle is possible, although much data would be needed on the dynamic behaviour of 
soil types in Europe. Also a realistic description of ozone formation would be necessary. 
It should take full account of the non-linearities in ozone formation. A complicating 
factor is that the ozone transport matrices are not constant in time (as is assumed here) 
but depend on the ratio of N0 X and VOC concentrations in the air, and, this ratio 
changes with abatement. However, it would go beyond the scope of this study to 
empirically apply the model developed in this chapter. 
7.4 Conclusions 
Air pollutants related to acidification of soils (sulphur dioxide, nitrogen oxides) and the 
formation of tropospheric ozone (nitrogen oxides and volatile organic compounds) are 
interconnected. These air pollutants are often emitted by the same sources, can be partly 
controlled by the same reduction measures and both have negative effects on 
ecosystems, animals and human life. 
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From natural sciences we learn that the quality of a soil cannot be judged through 
the use of critical loads, but should be described by a soil quality indicator. We 
introduce the base saturation as such a quality indicator and we integrate a dynamic soil 
acidification model into an economic analysis. For the formation of ozone from nitrogen 
oxides and volatile organic compounds complex and non-linear relations exist. Ozone 
can be reduced by controlling nitrogen oxides or volatile organic compounds emissions. 
For some parts of Europe (e.g. the United Kingdom, Netherlands, Belgium and 
Germany) a decrease of nitrogen oxides emissions (to reduce acidification) can lead to 
higher ozone values. 
The model developed in this chapter provides a framework to derive optimal time 
paths of emission reduction for NO x and SO2 by incorporating dynamic aspects of soil 
acidification. The chapter shows that efficient abatement strategies, based on critical 
loads, are likely to be less efficient compared to an optimal solution resulting from the 
optimal control model presented here. When politicians agree on deposition targets 
based on critical loads or gap-closure targets to be reached at some point in time (this is 
the current policy approach in Europe) it could be possible that in the period between 
the agreement and the time when the critical loads will be met, depositions are 
exceeding critical loads and the soil will degrade, but at present it is unknown to what 
extent. This insight into the temporal development of a soil's quality and the associated 
environmental damages are useful to improve European abatement policies. 
The study also shows important reasons to jointly analyse reduction strategies of 
acidification and tropospheric ozone. A combined reduction strategy can be 
counterproductive when nitrogen emission reduction is involved, because NOx 
reduction required to reduce acidification, can lead to an increase or a decrease in 
ozone levels. The direction of the effect depends on the ratios of NOx/ VOC 
concentration in the air which differ for the geographical location in Europe. If the 
forces of nitrogen oxides and volatile organic compounds reduction point in the same 
direction, and a decrease of NO x emissions results in a decrease in ozone, optimal 
abatement levels can be determined using a straight forward optimisation procedure. A 
single acidification target results in an increased risk of damage to health and vegetation 
if a reduction of NO x emission results in an ozone increase. In that case simultaneous 
VOC reduction measures are required to meet ozone targets. 
The model shows that these complicated interrelations have serious consequences 
for the development of combined efficient abatement strategies for acidification and 
tropospheric ozone. 
Appendix 7-A: Some mathematical derivations 
The optimal path for SO2 reduction can be deteraiined in the following way. Solving (9) 
for X gives yields 
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l = -jMs CSA, (A.l) 
differentiate (A.l) to time 
U - i M ' r C ' A* (A-2) 
/ A A 
equate (A.2) to (12) and substituting for lambda gives 
- f M ! r C ' / / ( , A ! = - A - M j r " 1 C * . ( r + ^ ) - D * (A.3) 
and solving (A.3) for the marginal cost of sulphur dioxide reduction gives 
We derive the optimal path of NO x reduction in the following way, solving (10) for A. 
gives 
I = - i M " r ' (c"A, + W r D ° ) (A.5) 
differentiate (A.5) to time, note that ozone formation does not depend on any time 
argument, therefore the ozone damage terms drops out. 
i=-±M"T~'c" A„A" (A.6) 
/ A A 
equate to (12) 
k(r + P)-Dl = - i M " r " ' c ^ A " (A.7) 
and substitution of (A.5) for lambda gives 
\-jM"T'l(c"A, + W" rD ' o)j(r + 0 ) - D ; = - X M " r V ^ , A " 
After solving (A. 8) for the marginal cost for nitrogen oxides reduction we get 
C r =7^(c^ .A"-TM"Vj -W"V 0 (A.9) 
To show the inter-relations between the two optimal reduction paths express marginal 
SO2 reduction cost in terms of NOx reduction costs: solving (16) for soil acidification 
damage Z)£ 
yM"TDl = C"A„A,A" - (r + R)(W"TD°0 + C"A„) (A. 10) 
D*. =±M*T~lC"A.A.A"-^-M"T~\w"TD°0 +C"A„) {AM) 




A r + f3 (A.12) 
jc ; , A , A s -yM s T ^M"T'lC"AnA„ A" -^JVT^wX • 
which can be written differently 
C ' A - = ^ J ( C ' A ' A - a ' - M s r M " r " c ^ „ A " j+M"r"I(w"7'D^ +C"A„) (A.13) 
The optimal abatement level for volatile organic compounds results from a static 
optimisation in the following way; solving (9) for % gives 
JL = - ± M ' J " ' C ' (A.14) 
substitute (A.14) in (10) 
cr - w " r D 0 + ) M " ^ - J r M s r ~ I q f j=o (A.i5) 
solve (A. 15) for D 0 
D„ = W" r _ ' c^ - MsT~1-W"T~iM"TCsA, (A.16) 
substitution of (A.16) in equation (11) gives 
CA* - W v r ^ W " r " ' c ^ - M ^ ' W ' ^ M ^ C ^ . j = 0 (A.17) 
and solving (A.17) for gives an expression of the marginal cost of VOC abatement 
as a function of the marginal costs of SO2 and NO x abatement: 
CA, = WvT^W"T'lC"A, - M ' r l W " r l M " r C ; 1 (A.18) 
differently written 
C* = W V J - W " R " C" -M"TMsT~ W R W " R C ' (A.19) 
A A A 
substitution in (A.19) of the marginal abatement costs of S0 2 and NOx (equation (14) 
and (16) gives): 
c ; = W ' r w " r " ( ^ ( c ^ A " _ ^ v i » y ) - w " r D 0 ) ( A 2 0 ) 
- 7J ?M" rM' r~ 1 W v T W"7""' ifsA,A, As - yMsTDi) 
and the marginal cost of VOC abatement as a function of the marginal costs of SO2 and 
NO x abatement are 
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8 Joint Abatement Strategies: A Dynamic Analysis of 
Acidification and Tropospheric Ozone1 
Abstract: 
This study uses optimal control theory and dynamic soil acidification models to analyse 
policy options when accumulation of acidification and future responses of ecosystems 
are taken into account. A combined dynamic optimisation of acidification and 
tropospheric ozone (smog) is performed. Cost effective abatement strategies of a 
combined reduction of sulphur dioxide (S02), nitrogen oxides (NOx), Volatile Organic 
Compounds (VOC) and, as a secondary pollutant, tropospheric ozone (O3) are 
determined. The study provides a method to analyse optimal time paths of emission 
reduction and it is shown how dynamics aspects of acidification could be incorporated 
in economic modelling. 
Using the critical loads approach in which only the final state of a soil can be 
known can lead to serious temporal degradation of a soil in the period that depositions 
are above critical loads and policy targets are not yet met. In contrast, the dynamic 
approach applied here gives information about the temporal development of the quality 
of a soil. By knowing the state of a soil at any instant a temporal decrease of the quality 
of a soil below critical values can be avoided by pursuing extra reduction polices. 
It is also shown that intertemporal cost-effective reduction strategies may lead to 
cost savings compared to spatial (international cooperative) cost-effective solutions. The 
influence of acid related policies on ozone precursors and ozone formation is also 
assessed and calculations show that both positive and negative cross effects exists. If the 
problem of tropospheric ozone is added, the results show that additional to acid related 
policies extra measures might be needed with respect to VOCs reduction. 
8.1 Introduction 
Acidification impacts water, soil and ecosystems. Tropospheric ozone (some times 
called ground level ozone, hereafter referred to as ozone or O3) causes negative health 
effects and vegetation damage. Acidifying compounds such as sulphur dioxide (S0 2) 
and nitrogen oxides (NOx) are often produced together, most typically by the burning of 
fossil fuels. Nitrogen oxides and volatile organic compounds (VOCs) are important 
factors in the formation of ozone. Currently, many ecosystems in the United States, 
Europe and the emerging economies in Asia face acid depositions far in excess of their 
specified critical loads. Ozone exceeds critical levels in many cases. The excess acid 
depositions, the excessive ozone levels and the transboundary nature make it necessary 
This chapter has been published as Schmieman, E.C and E. C. Van Ierland. Joint 
Abatement Strategies: A Dynamic Analysis of Acidification and Tropospheric Ozone. In: 
Regional Sustainability: Applied Ecological Economics, Bridging the Gap Between 
Natural and Social Sciences, edited by I. Ring, B. Klauer, F. Wâtzold, and E. Mansson, 
Physica-Verlag, 1999, p. 107-125. 
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to combat pollution on the continental level in the USA, Europe and Asia. The many 
interactions indicate that policies to reduce acidification influence ozone, and the other 
way around, ozone policies affect acidification. 
SOURCE COMPOUNDS EFFECTS RECEPTORS 
Figure 8-1: The regional air pollution problem. Relations between dominant sources, 
emitted compounds and their various receptors. Based on Grennfelt et al. (1993) and 
Graedel and Crutzen (1993). 
Figure 8-1 illustrates the main relations and interactions between economic 
activity, the sources of pollutants, the effects and receptors. This study pays special 
attention to the grey shaded boxes and their linkages. 
The aim of this chapter is to investigate how dynamic aspects of acidification can 
be included in a model that calculates optimal time paths for the reduction of pollutants 
in a multiple pollutant multiple target setting. The study adds to the existing literature 
by focusing on three air pollutants (SO2, NOx, and VOCs) and two environmental 
problems (acidification of soils and tropospheric ozone). Using a numerical example, 
some aspects of the current policy plans based on the critical loads for acidity are 
evaluated. The impacts of acidification reduction strategies on the problem of 
tropospheric ozone are analysed in a cost-effectiveness study for a multiple pollutants 
multiple target setting.2 
The chapter is organised as follows; in the next section we describe the 
interconnections between tropospheric ozone formation and acidification, including 
Although, from economic viewpoint, it would be desirable to determine the best policies 
using cost-benefit analyses. However, valueing damages is a difficult (if not impossible) 
task. To overcome these difficulties this study performs cost-effectiveness analysis and 
provides insights in intertemporal cost effective reduction strategies. 
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some of the relevant literature. We also discuss the mean features of ozone formation 
and dynamic aspects of soil acidification. In Section 8.3 we formulate and discuss a 
model suitable for numerical analysis. We answer the question why it is important to 
include dynamic aspects of acidification and how the current reduction policies might 
be adjusted. Also the interrelationship between the problem of ozone and acidification is 
investigated. The last part concludes and gives suggestions for future research. 
8.2 Tropospheric ozone formation and dynamic aspects of soil 
acidification 
8.2.1 The formation of tropospheric ozone 
The formation of ozone is mainly determined by the concentrations of NO* and VOCs 
in the air along with the level of solar energy.3 Extra complexity results from the non-
linear relation between the concentration in the air of ozone and the concentrations in air 
of its precursors, NO x and VOCs (see Figure 8-2). 
0 * 1 1 1 1 
0 500 1000 1500 2000 
Volatile Organic Compounds (ppb) 
Figure 8-2: The relation between the concentration in the air (expressed in part per 
billion (ppb)) of VOCs, NOx, and tropospheric ozone under certain conditions in an 
ozone isopleths diagram. Based on Kelly and Gunst (1990). 
Ozone formation involves very complex chemical reactions. Kelly and Gunst (1990) and 




In contrast to what one expects, a reduction in the NO x emissions can lead to an 
increase in the ozone concentration in some countries. Reduction of NO x emissions may 
increase ozone levels, especially in the UK, Germany, the Netherlands, Belgium and 
Luxembourg (Barrett and Berge, 1996a). These countries, having relatively high NO x 
densities, can be located in the upper left part of the diagram in Figure 8-2. VOCs 
abatement seems to be most effective for reducing ozone concentrations in these 
countries. Countries with relatively low NO x concentrations such as Russia, the 
Ukraine, France, Italy and Spain (Barrett and Berge, 1996a), can be located in the lower 
right part of Figure 8-2. In these countries the reduction of NO x seems to be most 
effective for reducing ozone concentrations. 
To determine damage of ozone to health or vegetation it is important to take both 
the level and the duration of exposure into account. The accumulated ozone above 
threshold (AOT) index incorporates both aspects. For application in this study the most 
important features of AOT values, in this case AOT40, are shortly explained below.4 
The AOT40 exposure index accumulates the difference between the hourly measured 
ozone concentration (0 3 in ppb) values and 40 ppb for all hours in which 40 ppb are 
exceeded over the growing season May, June and July (Tonneijck et al., 1998).5 The 
AOT40 value is given in equation (1). 
The Norwegian Meteorological Institute (Barrett and Berge, 1996a) developed 
linear source-receptor matrices6 for ozone formation. These matrices relate changes in 
emissions of VOCs and NOx in an emitting country i to changes in ozone AOT values 
in a receiving country j (O,, as an AOT40 value) related to a base value (O s) as is given 
in the following equation: 
transport matrices and ANOx, and AVOCs, represent changes in emissions in country i. 
Much criticism exists on the use of linear source receptor relations for ozone. For 
example, the ozone formation module in the RAINS model that is currently used at 
For details or definitions, possible applications and limitations of the AOT concept see 
EMEP MSC W (Barrett and Berge, 1996a); in particular Chapter 6 and the references 
therein. 
Also radiation energy plays a role, only hours in which the radiation energy exceeds 50 
Watt per square meter are accumulated. 
A source receptor matrix or source receptor relation gives a relation between emission in 
a country and the influence on acid depositions or the influence on ozone formation in 
either the same or another country. According to EMEP MSC-W (Barrett and Berge, 
1996a) the use of source receptor matrices 'appear to offer the most promising approach 
to multi pollutant multi effect control strategy analysis', because of its straightforward 
application in integrated assessment modelling. 
(1) 
(2) 
ij.rocs are linear 
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IIASA contains a non-linear relation including quadratic terms.7 Although the 
linearisation is under discussion we use linear source receptor relations to determine 
AOT40 values for ozone in a country in our model because of its straightforward 
application. For illustrative purposes we have chosen a set of coefficients reflecting a 
situation that is typical for the United Kingdom, the Benelux and Germany. This means 
that NOx reduction (induced by acidification targets) might lead to higher ozone 
concentrations. Because of its short lifetime, no accumulation of ozone takes place. 
8.2.2 dynamic aspects of soil acidification 
The introduction of the critical loads concept8 in the late eighties created an indicator 
that could be used in policy plans which aim to reduce the problem of acidification. The 
relative simplicity of the concept lead to many applications in environmental economic 
literature. Many studies are performed that calculate cost-effective reduction of S0 2 , 
NOx and ammonia (NH3) based on deposition calculations and critical loads.9 Initially, 
the studies contained a limited number of critical loads. Increased knowledge of 
ecosystems and their response to acid depositions and detailed mapping of critical loads 
make it possible to develop more detailed models that calculate cost-effective reduction 
strategies using many critical loads for various ecosystems. Currently the critical loads 
approach for acidification is widely spread in economic analysis.10 More recently 
critical levels are formulated for ozone, see the next section for more details. Moreover, 
abatement policies for acidification and ozone presently in place in the European 
Commission and the United Nations Economic Commission of Europe (UN ECE) are 
based on a comparative static analysis of critical loads and critical levels. These studies 
mostly apply cost effectiveness analysis. 
Dynamic aspects on reduction strategies of acidification are dealt with in only a 
few environmental economic studies. Maler (1994b) states that static acid rain game 
models become quite different if it is assumed that damage is not determined by annual 
depositions but rather by the accumulated depositions. Not being able to incorporate 
accumulation of acid depositions Maler focuses on dynamics induced by an acid rain 
game that is played repeatedly in the future. In 'the acid rain differential game' Maler 
and De Zeeuw (1998) introduce a way to account for accumulation of acidification. 
For details see Heyes et al. (1997). 
A Critical load is defined as a quantitative estimate of an exposure to one or more 
pollutants below which significant harmful effects on specified elements of the 
environments do not occur according to the present knowledge (Nilsson and Grennfelt, 
1988). 
See for example the RAINS model (Alcamo et al., 1990), Maler (1989), Van Ierland 
(1991), Amannetal. (1992). 
See the references in footnote 9. Other applications are found in Airman et al. (1994), 
Amann and Klaassen (1995), Zylicz (1995), Amann et al. (1997a), European Commission 
(1997) and Van Ierland and Schmieman (1999). 
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They assume that when critical loads are exceeded the buffer stock for acidification 
decreases and when depositions are below critical loads the buffer increases again. A 
shortcoming of this description is that the behaviour of the buffer stock is not related to 
chemical processes in a soil and to the quality of a soil in a way that describes 'real' 
mechanisms related to acidification. The studies have in common that they focus on 
steady state outcomes in a game theoretical frame work. In contrast to M&ler and De 
Zeeuw (1998), Kaitala et al. (1992) include an equation that describes dynamic soil 
acidification based on results from a dynamic soil acidification model. The equation 
they use calculates the temporal development of a chemical soil parameter, the base 
saturation which can be considered to be a soil quality indicator. They relate this 
indicator to reduced forest growth and hence to economic damages caused by 
acidification. Focusing on the application of game theory Kaitala et al. (1992) derive 
both cooperative and non cooperative solutions to an acid rain game between Finland 
and the USSR. Our study adds to the literature by integrating improved ecological 
modelling that incorporates dynamic aspects of acidification and economic modelling. It 
contrasts the results obtained from a dynamic model with those of more traditional 
comparative static models based on critical loads. 
In the remainder of this section we develop a reduced form11 soil acidification 
model that describes the dynamics of soil acidification. Dynamic aspects of soil 
acidification can be indicated by the temporal development of the base saturation of the 
soil. The base saturation is defined as the fraction of exchangeable base cations in the 
solid phase of a soil. The fraction base cation indicates the availability of nutrients in the 
soil. In turn this availability of nutrients influences growth of forests and other 
vegetation. Therefore, the base saturation is considered to be a soil quality indicator. 
The base saturation at time B(t), is defined as the stock quantity. The only 
relation that describes soil acidification dynamics in one simple equation we could find 
in the literature reads 
B(t) = = aB(f) - PB(t) In B(t) - yD(t)B(t) (3) 
dt 
The equation is taken from Kaitala et al. (1992) and is by those authors derived using a 
model developed by Holmberg (1990). To further simplify the equation we set a equal 
to zero by assuming that the term is captured by yD(t) as a kind of background 
deposition (Posch, 1998). We express the base saturation as a fraction and not as a 
percentage. The dynamic behaviour of the base saturation in a soil can be given by the 
following state equation 
B(t) = ^P- = -pB(t)\nB(t)-yD(t)B(t) (4) 
dt 
Acidification models with many equations describing in detail soil and water chemistry 
are too complex to integrate with economic models, therefore we use a reduced form. 
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with /3 and /being coefficients which can be estimated using dynamic soil acidification 
models. B{t) represents the base saturation expressed as a fraction and D(i) is a 
deposition function depending on t. By a state transformation of (f>(t) = In B(t) (and 
thus B(t) = em) the state equation transforms into (omitting subscript t with respect to 
0): 
0 = -,30-y£>(7) (5) 
with j3 >0 and y >0. Parameter ƒ} could be interpreted as a recovery rate while y 
identifies how fast a soil responds to (changes in) depositions. 
A lower base saturation will result in a more acidified and less fertile soil. Below 
a certain value for the base saturation, called the critical value, vegetation and 
ecosystems that depend on the soil face increased risks to damage. Below this critical 
value it is considered that increased risks exists for harmful effects in the long term. 
The critical load for acid deposition is based on the critical base saturation (Bc) 
and is derived for a steady state condition that is for 0 = 0. Using equation (5) and Bc 
which transforms to 0C (0c=lnSc), and assuming an infinite time horizon, we can derive 
the critical load (Dc) for acid deposition from the following expression: 
Z>,==&. (6) 
7 
If we solve equation (6) for the critical base saturation 0e it can be seen that 0C is 
independent of the initial condition of the soil and independent of depositions before the 
time period under consideration (before t=0). Therefore, the analysis does not have to 
start before the process of acidification started (before industrialisation started). 
With respect to the critical limit for the base saturation Bc and the critical load Dc 
four cases can be distinguished that depend on the initial situation B0 and the long term 
constant deposition Dco„ (Posch, 1998). For our model calculations we set the parameter 
values at j8 =0.015, 7=0.0001 and the critical value for the base saturation at 5C=0.10.12 
Using equation (6) we can compute the critical load, Dc=450 acid equivalents per 
hectare per year (eq/ha/yr). From equation (6) we see that for a constant deposition 
below the critical load (100 acid eq/ha/yr) the base saturation will converge to ¡3 =0.51. 
For a constant deposition of about twice the critical load (900 acid eq/ha/yr) B will 
converge to £-0.002. See Figure 8-3 for the temporal development of the base 
saturation for different initial conditions of the soil. 
By formulating a model that incorporates soil dynamics one can determine when 
the critical base saturation (Bc) will be reached given initial conditions of the soil and 
assuming a known deposition function (D(r)). By using critical loads only, as is done in 
The values for B and y are chosen arbitrarily but magnitudes are based on parameters 
estimated for a poor Finnish forest soil as applied in Kaitala et al. (1992). From soil 




many studies, one cannot analyse the time paths and the temporal development of the 
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Figure 8-3: The temporal development of the base saturation (as a fraction) for a 
constant high (900 eq/ha/yr) and constant low (100 eq/ha/yr) acid deposition for four 
different cases, Bc=0.10 and the critical load -345 acid eq/ha/yr. 
In the next section we develop a model that accounts for the dynamic behaviour of 
soils and we use it to analyse optimal or cost-efficient time paths of emission reduction 
in a numerical example. 
8.3 The model, simulations and analysis 
To investigate cost effective solutions we analyse the results of a numerical optimisation 
model that contains ozone formation (a flow pollutant), soil acidification (a stock 
pollutant), two emitting countries (¿=1,2), two receptor countries (7=1,2), three emitted 
pollutants k (with k=l for S0 2 , k=2 for NOx, and k=3 for VOCs) and two resulting 
environmental problems (in acidification of soils and tropospheric ozone). Abatement in 
country i at time / is given by Aixt (in kiloton with 1 kton, equals 1000.000 kg), the 
abatement costs functions (Ck(Ajkl)) for technical end of pipe measures13 are assumed 
to be constant in time (no technical progress). The functions are also assumed to be 
twice differentiable, convex and increasing in abatement (that is C'ik > 0, C"4 > 0) and 
abatement costs are given by 
The parameters a u and bik in equation (7) can be estimated using cost function data from 
the RAINS model. 
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CM^a.j.J" (7) 
We assume unabated emissions constant14 E, k (in kton). Because of technical 
limitations we assume that abatement cannot exceed 90 % of initial emissions for every 
period ( A j k l < 0.9 • Eu). Emissions from country i are transported to country j by air, 
described in a transport matrix. Deposition of acid (acid equivalents per hectare per 
year, eq/ha/yr) in receptor country j is calculated by multiplying emissions of acidifying 
pollutants after abatement with the transport matrix15 Mjjik (for h=l, 2 and with all 
elements in My^O, see equation (10)). The formation of ozone in receptor country j at 
time t (Op) is determined by equation (11). In this equation O is a given AOT40 value 
in a base year, and the elements in the source receptor matrix Wijtk (A=-2) can be positive, 
negative or zero.16 For Wyj (A=3) all elements are zero or positive. The two countries 
are assumed to have one homogeneous soil (for reasons of simplicity). The impact of 
acid depositions on the base saturation are modelled using the relations developed in the 
prior section and are given by equation (10). To derive emission targets we restrict the 
(ln-transformed) base saturation of the soil in a receptor country ($,,) not to decrease 
below the critical (In transformed) base saturation (0C). We call the terminal time T the 
point in time that the soil will reach the lower bound of the base saturation (Bc). At this 
time the problem becomes a constraint problem. Total reduction costs (TC) are 
calculated as the sum of the discounted reduction costs in the two countries for the three 
pollutants. Total reduction costs consists of two parts, the first term in equation (8) 
(from /=0 to t=T) and the second term, the discounted reduction costs beyond time T 
necessary to maintain reduction levels to avoid a further decreasing base saturation: 
r C = t t J e " " C a , ( 4 ^ ) ^ + t £ J ^ ' C a , ( A t , ) ^ (8) 
7=1 *=1 o 7=1 4=1 T 
We can rewrite17 this expression, yielding a maximisation problem formulated as 
maximising the negative costs. The social planner now wants to find the abatement path 
Aixt that maximises (omitting subscript /): 
Max V = ^-)e~"CKM,k,,)dt-jC,M.K.T)e-rT (9) 
subject to 
16 
This simplifies the problem and can be justified by assuming no economic growth and no 
growth in energy consumption. 
The transport matrices include a factor that translate depositions in kton to acid 
equivalents per hectare per year. 
As explained in Section 2, reduction of N O x can both increase or decrease AOT40 values. 
Using the concept of limits the second term can be rewritten as follows 
b -rt -C{A,)e r t 
\e~rtC(At)dts lim \e-rtC(At)dt = 





^=-O.O150,+O.OOlXM,.t(£a-4.4) ¿=1 ,2 (10) 
4 = 1 , 2 
° , ~ Ô , + X ^ 4 , * = 0 ¿ = 2,3 (11) 
4 = 2 , 3 
Ëuk-A,kJ>Q (12) 
0 , ( / ) - 0 C J > O (13) 
And the initial condition for the soil is0,(0) = 0 O J , with the initial value 0O y 
assumed to be known (the base saturation of a soil can be measured). To investigate 
cost-effective solutions for the dynamic acidification problem, we analyse the results of 
a numerical optimisation model that contains dynamics in soil acidification.18 Table 8-1 
shows the most important values we have used in our model. First we focus on 
dynamics in acidification in relation to dynamic cost-effectiveness. In a later section we 
analyse the interaction with the ozone problem. 
Table 8-1 : The most important data used in the numerical model runs. 
Country 1 Country 2 
Emissions (for all t before abatement) 
S 0 2 (Kton/yr) 500 2000 
NO x (Kton/yr) 300 800 
VOCs (Kton/yr) 500 2000 
Initial values 
base saturation (fraction) 0.40 0.40 
depositions (eq/ha/yr) 969 1554 
critical load exceedance (times critical load) 2.15 3.4 
AOT40 for ozone (ppb.h) 10526 9235 
Critical base saturation (fraction) 0.10 0.10 
Critical load (eq/ha/yr) 345 345 
Discount rate (percentage) 5 5 
To investigate cost-effective solutions for the dynamic acidification problem, we 
analyse the results of a numerical optimisation model that contains dynamics in soil 
acidification. Two abatement scenarios are of particular importance and we compare 
them to show the main mechanisms. First, we examine the 'optimal abatement' scenario 
in which the model calculates cost effective reduction of SO2 and NO x given a 
minimum standard for the quality of the soil (a lower bound on the base saturation). 
This scenario is called the Base Case. Second, we investigate 'the protocol 
It is not the aim of this chapter to theoretically analyse this model. For a formal 
mathematical solution see Schmieman and Van Ierland (1998). 
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implementation' scenario in which we assume that emission reductions are implemented 
analogous to the current European policies. These policies are based on the sulphur and 
nitrogen oxides protocols (United Nations, 1985; United Nations, 1988; United Nations, 
1991; United Nations, 1994; United Nations, 1988). Further we assume that emission 
reduction measures are linearly implemented between the year that the target becomes 
effective and the year the target is to be met. See Table 8-2 for details. 
Table 8-2: The protocol implementation scenario, emission reduction targets for SQ 2 and NCy 
Reduction 
(% of 1980 level) 
S 0 2 reduction path 
1980- 1984 0 
1985 - 1993 -30 
1994-2000 -80 
after 2000 -80 
N O x reduction path 
1980- 1988 0 
1989- 1994 -20 
1995 - 2005 -60 
2005 -2015 -80 
after 2015 -80 
8.3.1 Simulations and analyses 
In the Base Case the discount rate (p) is set on 5% and the critical limit for the base 
saturation (Bc) is assumed to be 0.10, so B(t)>0.10 for all periods. Cost-effective time 
paths of emissions, depositions and the base saturation are presented in Figure 8-4. The 
soil in Country 2 turns out to be the binding soil, which means that the soil in Country 2 
reaches the critical limit for the base saturation and determines the (boundary) solution 
of the problem. The critical limit for the base saturation is reached in about 31 years. 
Afterwards emissions and depositions remain constant (D/=200 and Di=345 eq/ha/yr) 
resulting in a steady state with the base saturation of the soil in Country 1 equal to 0.26 
(the base saturation in Country 2 equals 0.10). An important notice is that according to 
both the depositions and the base saturation ecosystems are protected after the year 
2010, because depositions are below critical loads and the base saturation stays on or 
above the critical value in both countries. 
We have performed some sensitivity analysis with respect to the discount rate and 
the critical value for the base saturation. Results for the discount rate are as expected. If 
we assume a low (high) social time preference by fixing the discount factor at 2% 
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(10%), keep other things the same, reduction starts immediately at higher (lower) levels 
and abatement with relative high (low) marginal costs are cost-effective earlier (later) in 
time. The lower bound on the base saturation (5C=0.10) becomes binding after about 40 
(27) years. The soils will reach the same steady states at /}/=0.26 and 5^=0.10. With the 
critical value of the base saturation at 5C=0.10 (and p =0.05) the terminal time is nearly 
the same as in the base case (32 years). The base saturation in the soil in Country 1 will 
converge to p>=0.12 with a constant deposition of 327 acid equivalents per hectare per 
year. 
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Figure 8-4: The Base Case. From top to bottom: the temporal development of the 
percentage of initial emissions, the depositions (eqfha/yr) and the base saturation 
(fraction) in Country 1 and Country 2. 
In the protocol implementation scenario emission (and deposition) time paths are 
fixed by means of policy plans and the model calculates the base saturation. See Figure 
8-5 for emission and deposition patterns and the temporal development of the base 
saturation. According to the deposition levels in the middle graph of Figure 8-5 there 
are actual depositions below critical loads after 2000 in Country 1 and after 2010 in 
Country 2. Based on that one would conclude that ecosystems are protected from 
increased risk of damage due to acidification by 2000 and 2010 respectively. However, 
based on the base saturation one draws a different conclusion. In the protocol 
implementation scenario, the quality of the soil in Country 2 indicated by the base 
172 
Dynamic cost-effective redaction strategies for acidification and tropospheric ozone 
saturation falls under the critical value in 1991 and stays under that value for more that 
50 years after the full implementation of the protocols becomes effective in 2015 
(provided that depositions remain constant afterwards). Accordingly, the soil in Country 
2 needs a long period to recover from the excess acid loads in the first three decades of 
the period under consideration. In this recovery period, also denoted as Damage Time 
Lag (Hettelingh and Posch, 1994), the ecosystems depending on the soil face increased 
risk for acidification damage. This may result in reduced forest growth, a decrease in 
bio-diversity or other negative effects. 
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Figure 8-5: The protocol implementation scenario. From top to bottom: the temporal 
development of emissions (% of initial emissions), depositions (eq/ha/yr) and the base 
saturation fraction) in Country 1 and Country 2. 
This mechanism shows exactly what could happen if politicians agree on 
deposition targets based solely on critical loads being reached at some point in time. In 
the critical loads approach it is not taken into account to what extent soils are degraded 
and how long recovery may take. Insights in the temporal development of the quality of 
a soil can therefore be useful to redefine policy targets to avoid damage to ecosystems 
in the some times very long period the soil needs to recover from excess acid loads. It 
might even be the case that when the monetary value of damage is taken into account, 
early reduction or more stringent policy targets earlier in time may be cost-efficient. 
Moreover, a cost benefit analysis including dynamics in soil acidification and possible 
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damage caused by low soil quality may result in shifting emission reduction closer to an 
earlier time. 
Although not analysed, it should be noted that different soils (characterised by 
different values for the parameters ¡3 and f) respond differently to excess acid loads. 
Therefore, for some soils a temporal exceedance of critical loads might not be a 
problem at all because they might respond so slow that they would never deteriorate to 
critical levels. On the other hand, a soil may respond so fast that critical levels are 
reached much faster and the quality of the soil will decrease even more. 
8.3.2 Interaction between acidification and ozone policies 
In this section we focus on the interaction between the problem of acidification and 
ozone. In the Base Case ozone formation is not restricted, therefore changes in ozone 
AOT40 values (see equations (2) and (11) section ) result only from changes in NOx 
emissions that are induced by acidification policies. No abatement of VOCs takes place 
in both countries because no damage by ozone is included in the model and ozone 
formation is free (there are no restrictions on the maximum ozone level). Given the 
transport matrices for ozone it turns out that NOx reduction increases ozone levels in 
Country 1 and decreases ozone levels in Country 2. Moreover, negative synergies exist 
between the problem of acidification and ozone in Country 1 and positive synergies 
occur in Country 2. Since the model assumes additive separable reduction cost 
functions, the synergies are fully determined (and explained) by the dependency in 
ozone formation. The temporal development of the ozone level as AOT40 value is given 
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Figure 8-6: The base case: the development of the AOT40 in both countries (in 1000 
ppb.h) when reduction policies are based on acidification targets and no additional 
VOCs reduction is imposed. 
To further illustrate the cross effects between acidification policies and ozone 
formation AOT values for the protocol implementation scenario are shown in Figure 8-7 
(Recall Figure 8-5 for emissions and deposition patterns). The picture shows similar 
trends as in the cost-effective reduction scenario (the Base Case). The only difference is 
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Figure 8-7: The protocol implementation scenario: the development of the AOT40 in 
both countries (in 1000 ppb.h) when reduction policies are based on acidification 
targets only. 
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Figure 8-8: The Base Case with additional ozone policy targets for both countries. 
From top to bottom: emissions (S02 not depicted), ozone AOT40 (1000 ppb.h) and the 
base saturation. 
The most important conclusion is that the reduction of acidification by means of 
NOx emissions reduction can lead to positive as well as negative cross effects on ground 
level ozone formation. If countries agree on a reduction of ozone in terms of the AOT40 
value to for example 8000 ppb.h in the year 2000 (to be reached in 2010), then extra 
reductions would be required in either VOCs or NO x emissions, depending on the cost 
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effectiveness and the influence on ozone formation of both options. As stated before, 
Country A faces a high NO x concentration in the air relative to the VOCs concentration 
and ozone formation behaves as in the upper left corner of Figure 8-2. In our calculation 
it turns out that it is cost-effective to relax NO x abatement in Country A after 2000 and 
to increase VOCs reduction (see Figure 8-8). This leads to a solution that goes together 
with a high NO x concentration and a low VOCs concentration. The cost-effective 
solution does not lead to a desired result and extra restriction on NO x emissions would 
be required to avoid such a solution. 
If the qualitative behaviour of ozone formation can be described by the linear 
transport matrices used in this model, it could be concluded that pollution by ozone 
might increase due to acidification policies in some areas. For these areas it would be 
necessary to persuade extra policies with respect to VOCs reduction. Even if reduction 
of NO x leads to ozone reduction in all cases it still might be possible to achieve more 
cost-effective solutions if the two environmental problems are jointly studied. By taking 
into account the concerning marginal abatement costs. Therefore, these results show 
that a multiple pollutant multiple target approach can lead to better insights in reduction 
policies and to less costly abatement programmes. 
8.4 Conclusions and suggestions for further research 
A dynamic optimisation of cost effective abatement strategies of a combined reduction 
of S0 2 , NO x and VOCs has been performed. S0 2 and NOx are acidifying compounds, 
NO x and VOCs are precursors of the toxic gas tropospheric ozone. The study provides a 
way to analyse optimal time paths of emission reduction for NO x and S0 2 by showing 
how dynamic aspects of soil acidification could be incorporated in economic modelling. 
The study also relates acidification policies to tropospheric ozone. Because empirical 
application on a European scale would require huge amounts of data, the main 
mechanisms are shown by using a 2 country model with hypothetical data. Soil 
acidification dynamics are captured by one equation that can be estimated using a full 
and detailed dynamic soil acidification model. Ozone formation is described using a 
linearised approximation of non linear processes in ozone formation. 
The results indicate qualitatively that an analysis of acidification in a dynamic 
setting gives useful additional insights to the currently used critical loads approach. 
Currently, European acidification policies are strongly founded on the use of critical 
loads. In the resulting agreements deposition targets are formulated to be reached at 
some point in time. Nevertheless, in the period between when the agreement is accepted 
and the point in time when the targets will be met, depositions are exceeding critical 
loads. Soils will deteriorate but it is unknown to what extend. Insights in the temporal 
development of soil quality (for example by explicitly modelling the base saturation as 
is being done in this study) therefore can be useful to redefine policy targets to avoid 
176 
Dynamic cost-effective reduction strategies for acidification and tropospheric ozone 
damage to ecosystems in the period critical loads are exceeded. Different soil types 
respond different to excess acid loads. Therefore, for some soils a temporal exceedance 
of critical loads might not be a problem at all, because they might respond so slow that 
they would never deteriorate to critical levels. On the contrary, a soil can respond so fast 
that critical levels are reached in a short period and the quality of the soil would 
decrease even more. By allowing intertemporal efficiency, reduction measures with low 
marginal costs are implemented early in time which leads to cost savings. The discount 
rate plays an important role in the optimal reduction path. A high discount rate tends to 
shift reduction to the future and the soil decays relatively fast and total discounted 
reduction costs are valued lower and vice versa. 
The influence of acid related policies on ozone precursors and ozone formation is 
also assessed. To further improve the model and for empirical application it would be 
desirable to include a model that better describes the non linear features in ozone 
formation. However, calculations with the linearised model illustrate how acidification 
policies interact with the problem of tropospheric ozone. The results show that 
additional policy measures with respect to VOCs might be required to reduce damage 
from ozone. It is also shown that both positive and negative cross-effects exists. Further 
investigation may show that a multiple pollutant multiple effect strategy can lead to 




9 Discussion and conclusions 
9.1 Introduction 
The objective of the thesis was to investigate economic aspects of the combined 
reduction of soil acidification and tropospheric ozone formation in the context of a 
dynamic analysis of transboundary air pollution in Europe. This objective resulted in the 
main research questions 1), 2) and 3) and in modelling questions a), b) and c) that were 
formulated in Chapter 1. In this final chapter I discuss the methods used and the results 
obtained, and I answer the respective research questions. Since detailed conclusions and 
discussions have been presented in Chapters 3 through 8, the conclusions and discussion 
in this chapter will be formulated in a more general manner. 
This chapter proceeds as follows. In Section 9.2. I discuss methodological and 
modelling issues, and I answer the modelling questions a), b) and c). In Section 9.3 
some caveats of the research are discussed. Section 9.4 gives answers to the research 
questions 1), 2) and 3) by summarising the main results of the analysis. I conclude this 
chapter with some suggestions for further research. 
9.2 Methodological and model issues 
The modelling questions were formulated in Chapter 1. Modelling question a) was: 
a) How to model the interactions between the problems of acidification and 
tropospheric ozone formation in an economic assessment of joint abatement 
strategies? 
The analysis in Chapter 3 focussed on this question and showed that the key 
elements needed in a model to investigate these interactions in a static concept are: 
(i) the relation between economic activities (sources) and emissions of acidifying 
substances (sulphur dioxide, nitrogen oxides and ammonia) and precursors of 
tropospheric ozone (nitrogen oxides and volatile organic compound), 
(ii) the cost of emission reduction measures ranked according to cost-effectiveness in 
abatement cost functions, 
(iii) the relation between emissions in a country and environmental effects through 
acidification and tropospheric ozone in the same or other countries, and 
(iv) critical loads for acidification and critical levels for tropospheric ozone as 
indicators for environmental effects. 
In Chapter 3,1 formulated a comparative static cost-effectiveness model in which 
it is possible to compare results for a base year with results for a target year for 
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alternative scenarios or optimisations. Cost-effectiveness analysis is based on 
minimisation of the abatement costs of reaching predefined environmental targets in 
terms of critical loads for acidification and critical levels for tropospheric ozone. 
For all the models in this thesis, except for the model in Chapter 3 in which the 
energy system is endogenous, the unabated emissions are exogeneously determined 
using scenarios for economic activity levels and energy use. The models in this thesis 
all concentrate on end of pipe reduction measures, for the emission reduction options. 
This means that I perform a partial analysis and that no feedback mechanisms exist 
between the abatement levels and the levels of economic activity. Therefore, structural 
changes like changes in the production structure, or changes in energy use and the fuel 
mix can only be investigated by means of scenario analysis and not by optimisation. 
This approach is adopted from the RAINS model and has been shown to be very useful 
in modelling international air pollution problems. 
Throughout this thesis, abatement costs for a country have been based on national 
abatement cost curves adopted from the RAINS model. These national abatement cost 
curves provide a relationship between emission abatement and abatement cost, based on 
the cost-effectiveness of abatement options or combinations. 
Atmospheric dispersion of acidifying compounds has been modelled with source 
receptor matrices in all the models in all the chapters. The formation of tropospheric 
ozone is a complex process involving non-linear relationships between its precursors 
nitrogen oxides and volatile organic compounds. Fully fledged modelling of the 
atmospheric dispersion and the formation of tropospheric ozone is difficult and requires 
large computer models. In my analyses, I used linear source-receptor matrices adopted 
from EMEP for ozone formation, which are similar to the source receptor relations for 
acidification. Since the models in Chapters 3, 7 and 8 that investigate the interactions 
between acidification and tropospheric ozone policies, are conceptual and analytical, the 
linear source receptor matrices were sufficient. 
The comparative static analysis in Chapter 3 showed how some basic aspects of 
the interactions between acidification and tropospheric ozone can be modelled and 
analysed. However, it became evident that acidification of soils is a dynamic process 
and that soil dynamics should be explicitly modelled to obtain realistic results. This 
resulted in the question of how to model acidification of soils in a dynamic context. 
Modelling question b) raised in Chapter 1 was: 
b) How to include dynamics of soil acidification in an integrated economic 
assessment model, and how to empirically apply such a model? 
In Chapter 4, I studied how accumulation of acidification in ecosystems can be 
included in an optimal control model by incorporating dynamic aspects of soil 
acidification. The process of soil acidification was described in a highly stylised manner 
by means of a single differential equation that relates changes in soil quality to 
acidifying deposition and the level of soil quality. It was assumed that every country 
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consists of one homogeneous soil and that the relation between soil quality and acid 
deposition can be described by a single equation. The dynamic approach applied in the 
model gives information about the temporal development of the quality of soils. With 
the dynamic model it is possible to determine the most important economic factors that 
determine the dynamic cost-effective solution. 
An empirical application of the dynamic cost-effectiveness model was realised in 
Chapters 5 and 6. A major difference, however, is the specification of the soil module. 
In Chapters 5 and 6, a realistic dynamic soil acidification model was included that was 
specially developed for this application. This dynamic soil acidification model is 
derived from a process descriptive soil acidification model (Simulation Model for 
Acidification's Regional Trends, SMART). Basically, a system of equations has been 
replaced by an empirically estimated relation between pH and base saturation. The soil 
acidification model distinguishes five soil classes at the European scale, and uses the 
aluminium ion concentration in the soil solution as a soil quality indicator. 
The models in Chapters 5 and 6 calculate cost-effective emission abatement time 
paths given unabated emissions, emission abatement costs and predefined soil quality 
targets. 
In the model, emissions of acidifying substances that result from exogeneously 
determined scenarios for energy use and economic activity cause soil acidification. 
These emissions can be reduced by the application of end of pipe reduction technologies 
with specific abatement costs. These abatement costs can be determined using national 
abatement cost curves. 
The European model in Chapter 6 includes three pollutants, data on emission and 
abatement cost for 36 countries, 547 land based grid cells and a dynamic soil 
acidification model that contains 5 soil classes on grid cell level. Emissions on country 
level are transferred to depositions in grid cells by means of source receptor matrices. 
The dynamic model covers the period from 1990 to 2030. In addition, the model 
includes a discount rate and the national abatement cost curves shift in time. 
Since the problems of acidification and tropospheric ozone are connected in many 
ways the third modelling question automatically resulted from the two proceeding 
modelling questions and forms the combination of dynamics and interactions. 
Modelling question c) was: 
c) How to include dynamics of soil acidification in an integrated economic 
assessment model that takes into account the interactions between the problems of 
acidification and tropospheric ozone formation? 
In Chapter 7 I develop an optimal control model to analyse the interaction 
between acidification as a stock pollutant and tropospheric ozone as a flow pollutant for 
several countries. Using a cost-benefit framework, a mathematical analysis is performed 
to determine efficient emission paths for nitrogen oxides, sulphur dioxide and volatile 
organic compounds. The model jointly analyses acidification and ozone. 
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In Chapter 8 the dynamic analysis of soil acidification is combined with a 
simultaneous cost-effectiveness study for tropospheric ozone as measured by 
Accumulated above Ozone Threshold (AOT) values in numerical simulations. Linear 
source receptor matrices describe the relationship between emissions of nitrogen oxides 
and volatile organic compounds and tropospheric ozone formation. Non-linear 
relationships are preferable. However, no non-linear relationships were available that 
were suitable for application in this research. It remains a new research task to include 
the non-linear tropospheric ozone model in a dynamic cost-effectiveness analysis. 
The study provides a method to analyse optimal time paths of emission reduction 
for sulphur dioxide, nitrogen oxides and volatile organic compounds if both dynamics 
aspects of soil acidification and tropospheric ozone formation are taken into account. 
9.3 Caveats 
Before answering the research questions 1), 2) and 3) on economic and policy 
implications, it is useful to discuss some of the methodological issues and some of the 
caveats of the analysis. 
The new dynamic approach followed in this thesis differs considerably from the 
present approach based on critical loads. It should, however, be understood that some 
key assumptions were needed in the analyses and that results should be interpreted with 
care. 
I use cost-effectiveness analysis in all chapters, except for the mathematical model 
in Chapter 7. Cost benefit analysis could be an alternative for cost-effectiveness 
analysis, but cost benefit analysis requires quantification of environmental benefits or 
damages in monetary terms. Because no reliable monetary estimates of the damages 
exist, I have restricted myself to cost-effectiveness analysis in this thesis. 
The abatement cost curves, that are adopted from the RAINS model, are compiled 
by ranking the available emission abatement technologies at country level, according to 
their cost-effectiveness and potential for emission reductions determined by 
combinations of fuel properties and abatement technologies. The national cost curves 
are constructed for a given energy pathway and a given abatement strategy. Structural 
changes in production structure and energy use are not included in my model and, thus, 
can only be analysed in a scenario analysis and not through optimisations, although the 
extent to which the options can be used depends on economic activity levels and energy 
use. As a consequence, abatement cost curves contain the same abatement options for 
all different scenarios and optimisations. Technology improvements are only 
incorporated by exogenous shifts in the abatement cost curves and abatement 
technology improvements are not induced by high reduction targets. This implies that 
the analysis has focussed on end of pipe technologies and only further study will reveal 
to what extent structural changes such as changes in fuel mix and energy conservation 
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can be included in the analyses. Including structural changes would be even more 
relevant if the analysis would be extended to include the effects of nitrogen deposition 
on eutrophication. Structural changes would also be relevant if the analysis would be 
expanded to the reduction of greenhouse gases, a topic that has been excluded from this 
analysis. 
We also assume that abatement technologies can be implemented in one year and 
removed in the next year without additional costs. In reality, most investments in 
reduction techniques cannot be implemented and removed within a short period because 
they have long lifetimes. Therefore, this assumption needs modification in future 
analyses. 
The way in which I model the formation of tropospheric ozone has some 
limitations. In my analyses I use linear source-receptor matrices adopted from EMEP 
for ozone formation, similar to the source receptor relations for acidification. Criticism 
exists on the use of these linear source receptor relations for tropospheric ozone 
formation as they are considered to be applicable to a limited extent. However, since the 
models in this thesis, that investigate the interactions between acidification and 
tropospheric ozone policies, are conceptual and analytical, the linear source receptor 
matrices are sufficient. A full multi-pollutant multi-target approach has been realised in 
the RAINS model which contains an ozone formation module with non-linear source 
receptor relations including quadratic terms, but this RAINS version is not yet available, 
and is, at this time, too complicated to be used in dynamic analysis. 
In addition, the dynamic soil acidification model that is used in the applications in 
the Chapters 5 and 6 has some limitations. The dynamic soils acidification is derived 
from the deterministic process based soil acidification model SMART (Simulation 
Model for Acidification's Regional Trends). A system of equations has been replaced 
by an empirically estimated relation between pH and base saturation which is only an 
approximation of the processes. The soil acidification model distinguishes five soil 
classes which is a highly aggregated number. We use the aluminium ion concentration 
in the soil solution as a soil quality indicator. Many other indicators could be used, for 
example the pH, the base saturation or the aluminium base cation ratio. Effects of 
nitrogen due to eutrophication, such as an increased sensitivity to natural stress and 
nutrient imbalances, may be more important than acidification. Use of additional 
nitrogen targets, such as nitrogen contents in foliage or nitrate concentrations in water, 
may lead to different results, as well 
9.4 Conclusions and suggestions for further research 
In this section I answer the main research questions formulated in Chapter 1, formulate 
the conclusion of this thesis and give some suggestions for further research. 
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The first research question was: 
1) What are the economic aspects and policy implications of a combined analysis of 
the reduction of the problem of acidification and tropospheric ozone formation? 
In Chapter 3 I investigated cost-optimal abatement strategies given environmental 
targets for acidification (formulated in critical loads) and for tropospheric ozone (critical 
levels). The model shows that a multi-pollutants, multi-targets approach for 
acidification and tropospheric ozone has particular consequences for the reduction of 
nitrogen oxides and volatile organic compounds to reach the critical tropospheric ozone 
levels. It was shown that a combined analysis does not always lead to cost savings when 
compared with single-pollutant single-target policies. A combined reduction strategy 
can be counterproductive when nitrogen emission reduction is involved. NO x reduction 
required to reduce acidification, can lead to an increase or a decrease in tropospheric 
ozone levels. In the model the direction of the effect depends on the ratio of NOx/ VOC 
concentration in the atmosphere, which differs depending on the geographical location 
in Europe. In some parts of Europe (e.g. the United Kingdom, the Netherlands, 
Belgium, parts of France and Germany) a decrease of nitrogen oxides emissions, to 
reduce acidification, can lead to higher tropospheric ozone concentrations. Under these 
circumstances, further reduction of ozone concentrations should be reached by 
substantial reduction of VOC emissions. 
It is difficult to derive policy implications from the analysis performed in Chapter 
3, because the model is rather plain and only two countries are included. However, the 
analysis suggests that policies to reduce the problems of acidification and tropospheric 
ozone, should take into account the interactions between the two environmental 
problems. Currently the RAINS model and the last Protocol to Abate Acidification, 
Tropospheric Ozone and Eutrophication to the UN-ECE LRTAP Convention, take the 
multi-pollutant, multi-targets approach. Environmental targets can more effectively be 
reached if future polices are based on such an approach. 
If a reduction of NO x emission results in an ozone increase, then the specification 
of a single acidification target could result in an increased risk of damage to health and 
vegetation. In that case, simultaneous VOC reduction measures are required to meet 
ozone targets. 
By studying the literature on the problem of acidification and the use of critical 
loads it became clear that acidification of soil is a dynamic process evolving over many 
years that, preferably, should be analysed a dynamic framework which includes a 
realistic and detailed dynamic soil acidification model. Therefore, the Chapters 4 
through 8 focus on dynamic analyses. 
The second research question was: 
2) What are the economic and policy implications of the reduction of acidification 
when incorporating the dynamic aspects of soil acidification? 
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This research question has been answered from a more theoretical point of view in 
Chapter 4 and through applications in Chapters 5 and 6. 
Chapter 4 describes a dynamic model to analyse optimal emission reduction time 
paths to reduce the problem of acidification. The economic implications for the optimal 
emission reduction time paths are as follows: 
(i) a high discount rate tends to postpone emission reduction, 
(ii) high marginal abatement costs tend to shift emission reduction to the future 
(iii) a high soil recovery rate tends to delay emission reduction. 
Although emission reduction is postponed for different reasons, a high discount 
rate or high marginal costs have a price effect and lead to postponement of emission 
reduction due to a higher present value of abatement costs in the early years. The slope 
of the marginal abatement cost curve also determines the distribution over time, a 
steeper marginal cost curve results in smaller changes in abatement over time. A high 
soil recovery rate has an effect on the abatement level as well. It becomes less necessary 
to abate, because, from a natural science point of view, the soil can absorb a greater acid 
deposition. Each is an important factor in determining optimal emission reduction over 
time. 
Results also suggest that the current European policies, which are based on a 
critical loads approach, are non-optimal from both an ecological and an economic point 
of view, because: 
(i) as the model shows, inter-temporal cost-effective reduction strategies may lead to 
cost savings compared to international cooperative cost-effective solutions, 
(ii) results suggest that these cost-savings can be combined with a better soil quality 
indicated by a higher base saturation, and 
(iii) policies based on a static critical loads approach have the risk that the resulting 
depositions exceed the critical loads and soil can become acidified. It is unknown 
to what extent soils are acidified and how long it will take for the soil to fully 
recover. If soil quality targets are defined in terms of soil quality then damage to 
ecosystems in the period during which these targets are exceeded can be avoided. 
In addition, the time necessary for soils to recover is taken into account. 
Chapters 5 and 6 deal with an application of a model that integrates an economic 
optimisation model with a dynamic soil acidification model to calculate cost-effective 
emission reduction strategies. The model in Chapter 5 was restricted to two countries 
for environmental impacts, mainly to explore the model and its behaviour. In Chapter 6 
it is shown that the model also can be used for analysis at the European level including 
environmental effects in 36 countries. 
The results in Chapter 5 indicate that in order to reach the acidification targets for 
the United Kingdom and Ireland, sulphur dioxide emissions have to be reduced by 
almost 90% and nitrogen oxides by about 60% in some European countries. In the cost-
effective solution ammonia emission reduction plays a minor role mainly because 
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eutrophication is not taken into account. Similar reduction percentages are found in a 
comparable optimisation at the European level in Chapter 6. 
The analysis indicates that sulphur reduction is most cost-effective followed by 
nitrogen oxides reduction and that ammonia reduction is least cost-effective. Sulphur 
dioxide reduction is cheaper then nitrogen oxides and ammonia reduction. In addition, 
sulphur dioxide reduction is more effective in reducing acidification in physical terms 
than nitrogen oxides and ammonia abatement, if expressed in acid equivalents. 
Our analysis also points out that a rapid improvement of the soil quality requires 
high emission reduction levels, much higher than reductions that would be based on a 
static critical loads approach. The optimisation shows that once the soil quality targets 
are reached, less stringent emission reductions are sufficient to maintain the soil quality 
at a constant 'good' level. Including dynamic aspects in the models used for policy 
analysis, therefore, may have considerable implications for the results of optimisation 
analyses. Most importantly, static critical loads approaches that ignore dynamic aspects 
may underestimate the emission reductions needed to achieve predefined soil quality 
targets. 
In Chapter 6 the model is applied at the European level. Calculations with the 
European model in Chapter 6 indicate the following: 
(i) After full implementation of the present UN-ECE LRTAP acidification policies 
and after fulfilment of the agreed emissions ceilings large forest areas will be 
acidified in Europe in 2010. This will be especially the case for forest soils in 
central Europe. 
(ii) If all deposition targets in terms of the static critical loads would be met, a large 
part of the forests in Europe would continue to be considered acidified in terms of 
the dynamic soil quality. 
(iii) When an acidified soil needs to recover, it requires acid depositions below the 
critical load for some time. A fast recovery demands a deposition far below the 
critical load. When deposition rates are equal to the critical load, soils need long 
periods to recover. 
(iv) Given a stringent soil quality target to be reached in a short period (within the 
period 1990-2010) relatively high reduction percentages in some countries are 
required with high reduction costs. Lower environmental quality targets will lead 
to considerably lower reduction costs. In addition, if soils have a longer period to 
recover, by defining targets for 2020 or 2030, total reduction costs will be lower. 
When politicians agree, as is the current policy approach in Europe, on deposition 
targets based on critical loads or gap-closure targets to be reached at some point in time, 
it is possible that in the period between the agreement and the time when the critical 
loads will be met, depositions are exceeding critical loads. As a result the soil will 
degrade, but at present it is unknown to what extent. Using the new dynamic approach 
investigated in this thesis, the temporal development of a soil's quality can be known, 
which is useful to improve European abatement policies. 
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Full implementation of the emissions ceilings agreed upon in the existing 
protocols to abate acidification, eutrophication and ground-level ozone will not 
completely solve the acidification problem in Europe. Calculations with the dynamic 
economic soil acidification model in Chapter 6 indicate that the soil quality that will be 
gained assuming full implementation of European policies can be achieved with large 
cost savings. Model results indicate that total European reduction costs in the dynamic 
optimal strategy are approximately half of the total reduction costs associated with the 
current and intended European abatement policies. However, the environmental targets 
specified in my model do not include eutrophication and tropospheric ozone targets. 
This causes the model to select relatively inexpensive options to reduce sulphur dioxide 
emissions, instead of the more expensive options to reduce nitrogen oxides and 
ammonia emissions. If environmental targets, with respect to eutrophication and 
tropospheric ozone, would be incorporated than nitrogen oxides emission reduction 
would be selected and costs would be considerably higher. 
The final research question was: 
3) What are the economic aspects and policy implications of a combined reduction 
of acidification and tropospheric ozone formation, taking into account the 
dynamic processes of soil acidification? 
Chapter 7 provides a framework to analyse optimal time paths in a stock-flow 
model. The chapter shows that efficient abatement strategies based on critical loads are 
less efficient compared to an optimal solution resulting from the optimal control model. 
The model provides the optimal abatement paths that lead to the optimal emission 
reduction level. 
The results indicate qualitatively that an analysis of acidification in a dynamic 
setting gives useful additional insights to the currently used critical loads approach. It is 
important to distinguish three groups of countries. 
For the first group of countries a nitrogen oxides emission reduction leads, on 
average, to lower ozone values and lower environmental damages. A decrease in 
environmental damage by tropospheric ozone increases the optimal marginal reduction 
cost and thus increases the optimal abatement level. Optimal reduction policies based on 
a single target approach, e.g. the reduction of acidification only would underestimate the 
optimal abatement time path, because the approach would not account for ozone 
damage. Therefore, the environment can benefit from the multi-pollutants multi-targets 
approach. 
For the second group of countries a nitrogen oxides emission reduction results, on 
average, in an increase in ozone levels and, hence, damage due to tropospheric ozone. 
Therefore, for these countries the cross-effect decreases the optimal abatement level, 
and though economically efficient, the environment is worse-off. 
For the third group of countries both positive and negative effects exist and the 
total effect of nitrogen oxides emission reduction can have both positive and negative 
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effects on tropospheric ozone levels. The total effect depends on the reduction level and 
the effect on tropospheric ozone levels. The total influence of the interactions on the 
optimal abatement level remains unclear, and additional research is necessary to obtain 
better insights. The analysis in Chapter 7 shows that the reduction of volatile organic 
compound, always leads to lower tropospheric ozone values and that no accumulating 
effects exist. 
Based on the analytical stock-flow model of Chapter 7, I developed a numerical 
dynamic optimisation for cost effective abatement strategies of a combined reduction of 
sulphur dioxide, nitrogen oxides and volatile organic compounds in Chapter 8. Chapter 
8 provides some numerical simulations with a conceptual two country model. 
The results in Chapter 8 are in accordance with the findings in Chapter 7. It is 
difficult to distil 'hard' economic and policy implications since the model does not 
realise a realistic application at the European level. A full application at the European 
level of a dynamic economic model integrated with a dynamic soil acidification model 
that incorporates the ozone formation was not possible in this PhD project. Mainly 
because tropospheric ozone formation at European level is difficult to model, because 
its formation is a complex non-linear process between its precursors nitrogen oxides and 
volatile organic compounds. However, currently the RAINS model contains a full 
multi-pollutant multi-target comparative static optimisation that includes acidification, 
eutrophication and tropospheric ozone. The research in this thesis could be further 
developed by incorporating soil acidification dynamics and realistic tropospheric ozone 
formation modelling at the European level. 
In the remainder of this section I give some other suggestions for future research 
to improve the understanding of the complex problems related to the reduction of 
transboundary air pollution. 
The cost-effective dynamic optimisation models as they are employed in this 
thesis can be used for partial analyses. They are limited in the feedback mechanisms 
between emission reduction measures, economic activity and energy sources. An 
interesting area of research would be to endogenously incorporate structural changes in 
the production structure and energy supply system in the models. Then it would be 
possible to analyse the interactions between reduction measures and the economy. This 
is especially interesting when high reduction levels are to be realised against high 
marginal costs or when global warming is incorporated in the analysis. 
Global warming may alter the climate, and may have effects on temperature, 
precipitation and atmospheric circulation patterns. All models in this thesis include 
source receptor matrices that consist of transfer coefficients that relate a country's 
emissions and its contribution to deposition at any receptor. These transfer coefficients 
are estimated by EMEP using a model that incorporates different types of 
meteorological data such as wind speed and direction, air pressure and precipitation. A 
changing climate would affect the meteorological data and the transfer coefficients 
would change accordingly. However, the models in this thesis assume that the source 
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receptor* matrices are constant, and therefore, implicitly assume that the climate does not 
change. It would be interesting to investigate the impacts on the results presented in this 
thesis, if transfer coefficients change due to climate change. A possibility is to perform 
model runs with the model in Chapter 6 with different source receptor matrices. 
Similarly, climate change could affect the sensitivity of ecosystems to acidification, 
eutrophication and tropospheric ozone. To what extent, however, is yet unclear. 
Acidification policies for Asia will be established in the future. This thesis 
suggests that considerable cost savings could be realised with a dynamic approach 
compared to abatement strategies that are based on static critical loads. It would be 
interesting to investigate the differences of a dynamic approach compared to the static 
approach for the acidification problem in Asia, because it might result in improved 
policies with lower costs and a better environment. 
As a final remark I would like to state that I strongly believe that environmental 
policy will benefit substantially from improvements in the understanding of the 
relations between the complicated system of social, economic and political forces and 
the complex environmental processes and ecosystems. In my opinion, a better 
understanding of these relationships can only be realised through research teams that 
consist of researchers from different disciplines. Therefore, I suggest to further expand 
and stimulate environmental research in interdisciplinary studies performed by 
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Summary 
Acidification and tropospheric ozone are important transboundary environmental 
problems with many economic and environmental aspects related to their role in the 
biogeochemical cycles. The main acidic substances are sulphur dioxide, nitrogen oxides 
and ammonia. The most important precursors of tropospheric ozone are volatile organic 
compounds and nitrogen oxides. Emissions of these substances are the result of 
economic activities. 
The problems of acidification and tropospheric ozone formation are interrelated to 
each other in many ways: (i) the emitted substances are partly caused by the same 
economic activities, (ii) emission reduction of these pollutants can often be realised by 
the same policy measures, (iii) nitrogen oxides affect both acidification and tropospheric 
ozone, and (iv) both problems have impact on the same ecosystems. 
The transboundary nature of acidification and tropospheric ozone necessitates 
international cooperation. The need for international cooperation is recognised both in 
the literature and among European countries and policy makers. The current scientific, 
as well as, policy approach to combat the environmental problems of acidification and 
tropospheric ozone can be criticised on two issues: (i) policies to reduce the problem of 
acidification should be analysed in a dynamic framework, and (ii) policies to reduce the 
problems of acidification and tropospheric ozone should take into account the many 
interactions. These two issues are analysed in this thesis. 
The objective of this research is, therefore, to investigate economic aspects of the 
combined reduction of soil acidification and tropospheric ozone formation in the 
context of a dynamic analysis of transboundary air pollution in Europe. 
The novelty of this study is the integrated analysis of a dynamic economic model 
with a dynamic soil acidification model. The approach taken here goes beyond the often 
used critical loads concept by explicitly modelling dynamic soil acidification processes. 
It also incorporates the multi-pollutants multi-targets approach. The two basic tools used 
in this thesis are dynamic optimisation and cost-effectiveness analysis. These are 
combined in dynamic optimisation models to analyse dynamic cost-effective abatement 
strategies 
Chapter 2 provides relevant details about the problems related to the acidifying 
pollutants, sulphur dioxide, nitrogen oxides and ammonia, and the precursors of 
tropospheric ozone, nitrogen oxides and volatile organic compounds. The chapter 
provides information about the main emission sources, the effects and the 
environmental impacts. The chapter shows that complex non-linear relationships exist 
between nitrogen oxides and volatile organic compounds emissions and tropospheric 
ozone formation. In addition, the RAINS model and its structure is briefly described, 
because the models in this thesis often use data from the RAINS model. Finally, a short 
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overview is given of the UN-ECE LRTAP emission reduction policies for European 
transboundary air pollution. 
Chapter 3 illustrates that including a multi-pollutants multi-targets approach 
significantly affects the outcomes of air pollution research compared to a single-
pollutant single-target approach. Cost-effective abatement strategies are identified 
leading to a combined reduction of sulphur dioxide, nitrogen oxides, volatile organic 
compounds and thus acidification and tropospheric ozone. Calculations with a two 
country model show that negative synergetic effects exist between abatement of 
acidification and tropospheric ozone. Moreover, in the model a reduction of acidifying 
deposition can lead to an increase in ozone levels. These insights may suggest that 
together with nitrogen oxides reduction stringent volatile organic compounds reduction 
may be necessary to reduce tropospheric ozone concentrations. Nitrogen oxides 
abatement seems to be most effective for reducing ozone concentrations in countries 
with relatively low nitrogen oxides concentrations in the air. 
The study confirms that a simultaneous analysis of the various pollutants and their 
effects contributes to a better understanding of the various policy options. 
Chapter 4 studies the dynamic aspects related to the problem of acidification. The 
chapter shows how accumulation of acidification in ecosystems can be studied through 
economic modelling by incorporating dynamic aspects of soil acidification. In contrast 
to the often applied critical loads approach, which only focuses on the final state of a 
soil, the dynamic approach, applied in this chapter, gives information about the 
temporal development of soil quality. The model also takes into consideration the time 
necessary for soil to recover. In addition, information about the soil quality can be used 
to avoid damage to ecosystems in the period during which critical loads are exceeded. 
The results show that a high discount rate, high marginal abatement cost and a 
high soil recovery capacity tend to postpone emission reduction, though for different 
reasons. A high discount rate or high marginal abatement costs have a price effect and 
lead to postponement of emission reduction because of a higher present value of 
abatement costs. A high recovery rate has a volume effect and makes it less necessary to 
abate, because from a natural science point of view, the soil can absorb a greater 
deposition of acid. The slope of the marginal abatement cost curve also determines the 
distribution over time. A steeper marginal cost curve results in smaller changes in 
abatement over time. 
Numerical simulations indicate that abatement cost savings may be realised when 
intertemporal cost efficiency is taken into account. The results also show that current 
policies which are based on a critical loads approach, instead of a dynamic analysis of 
soil quality, are non-optimal from both an ecological and an economic point of view. 
Chapter 5 describes the application of an optimisation model for calculating cost-
effective abatement strategies for the reduction of acidification in Europe while taking 
into account the dynamic character of soil acidification. Environmental targets are 
defined in terms of the aluminium ion concentration in the soil solution. The 
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optimisation determines optimal abatement time paths for sulphur dioxide, nitrogen 
oxides and ammonia, to realise defined soil quality targets in the United Kingdom and 
Ireland in 2010 and onwards. 
The results indicate that reduction of sulphur dioxide emissions is more cost-
effective than that of nitrogen oxides or ammonia. The reduction percentages for 
sulphur dioxide are highest, for two reasons: i) marginal sulphur dioxide reduction costs 
are relatively low compared to marginal reduction costs of nitrogen oxides and 
ammonia, and ii) sulphur dioxide reduction is more effective in reducing acidification in 
physical terms than nitrogen oxides or ammonia abatement. Ammonia abatement would 
probably be higher if eutrophication would be taken into account 
Chapter 6 analyses the current European strategy to reduce the acidification 
problem in various scenarios and optimisations. Optimal abatement strategies are 
determined in a full dynamic approach in which emission targets are derived from 
predefined soil quality targets. In the optimal abatement strategy, central European 
countries realise the highest reduction levels. Emission reduction in Scandinavian 
countries and countries in eastern Europe is less cost-effective and emission reduction in 
these countries is lower. Ammonia abatement plays a minor role, because marginal 
ammonia abatement costs are relatively high and ammonia abatement is not very 
effective. Ammonia abatement would be more important if eutrophication targets were 
incorporated in the model. Once the soil quality targets are reached, less stringent 
emission reductions are sufficient to maintain the soil quality on a constant acceptable 
level. 
Given a stringent soil quality target to be reached in a short period (within the 
period 1990-2010) very high reduction percentages are required with high reduction 
costs. Lower environmental quality targets lead to considerably lower reduction costs, 
and, if soils get a longer period to recover by defining targets for 2020 or 2030, total 
reduction costs are also lower. 
Protocols from the United Nations Economic Commission for Europe agree on 
deposition targets or gap-closure targets based on critical loads to be reached at some 
point in time, usually 2010. The model shows that full implementation of the emissions 
ceilings agreed on in the protocol to Abate Acidification, Eutrophication and Ground-
Level Ozone will not completely solve the acidification problem in Europe. 
In addition, the model results suggest that the soil quality that will be reached 
assuming full implementation of European policies might be reached with large cost 
savings. Model results indicate that total European reduction costs in the dynamic 
optimal strategy are half of the total reduction costs associated with the current and 
intended European abatement policies. However, the environmental targets specified in 
my model do not included eutrophication and tropospheric ozone. Therefore, the model 
selects relatively inexpensive options to reduce sulphur dioxide emissions, instead of the 
more expensive options to reduce nitrogen oxides emissions. If environmental targets 
with respect to eutrophication and tropospheric ozone would be incorporated than 
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nitrogen oxides emission reduction would be more cost-effective and costs would be 
considerably higher. 
Chapter 7 analyses the interdependence of the problems of tropospheric ozone and 
acidification when dynamic processes of soil acidification are taken into account in an 
optimal control framework The model mathematically shows that nitrogen oxides 
reduction required to reduce acidification, can lead to an increase or a decrease in 
ozone levels. The direction of the effect depends on the ratio of nitrogen oxides/ volatile 
organic compounds concentration in the air which differ depending on the geographical 
location in Europe. Three groups of countries are important to distinguish. For the first 
group of countries a nitrogen oxides emission reduction leads to lower ozone values and 
lower environmental damages. Optimal reduction policies based on a single target 
approach, the reduction of acidification only, would underestimate the optimal 
abatement level. For the second group of countries a nitrogen oxides emission reduction 
always results in an increase in ozone levels and, hence, increases the damage due to 
tropospheric ozone. Therefore, for these countries the cross-effect decreases the optimal 
abatement time path and, though economically efficient, the environment is worse-off. 
For the third group of countries both positive and negative effects exist and the total 
effect of an nitrogen oxides emission reduction can both have increasing and decreasing 
effects on tropospheric ozone levels. The total influence of the interactions on the 
optimal abatement level remains unclear and additional research is necessary to obtain 
better insights. The reduction of volatile organic compounds always leads to lower 
tropospheric ozone values. 
Chapter 8 presents some numerical simulations with a stock-flow model in which 
acidification is modelled as a stock pollutant and tropospheric ozone as a flow pollutant. 
Because empirical application at the European level would require huge amounts 
of data, the main mechanisms are shown by using a 2 country model with hypothetical 
data. It is difficult to distil 'hard' economic and policy implications since the model 
does not realise an application at the European level. However, the model shows the 
influence of acidification related policies on ozone precursors and ozone formation. The 
calculations show that both positive and negative cross-effects exists. If the problem of 
tropospheric ozone is included, the results show that in addition to acid related policies 
extra measures might be needed with respect to volatile organic compounds. 
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Zure regen, een belangrijk veroorzaker van bodemverzuring en troposferische ozon 
(ook wel fotochemische smog genoemd) zijn belangrijke grensoverschrijdende 
milieuproblemen met vele economische en milieuaspecten. De stoffen die aanleiding 
geven voor zure regen en vorming van troposferische ozon zijn ten dele dezelfde. De 
voornaamste verzurende stoffen zijn zwaveldioxide, ammonia en stikstofoxides. 
Vluchtige organische verbindingen en nogmaals stikstofoxides veroorzaken de vorming 
van troposferische ozon. Het vrijkomen van deze stoffen in de lucht wordt vooral 
veroorzaakt door menselijk handelen. De emissie van deze stoffen is op de eerste plaats 
het gevolg van economische activiteiten. 
Milieuproblemen als zure regen en troposferische ozon hangen op verschillende 
manieren met elkaar samen: (i) de uitstoot van stoffen verantwoordelijk voor zure regen 
en ozonvorrning wordt vaak veroorzaakt door dezelfde economische activiteiten en 
veelal dezelfde bron, (ii) reductie van uitstoot kan worden bereikt met behulp van 
dezelfde maatregelen, (iii) stikstofoxides spelen een rol in zowel verzuring als de 
vorming van troposferische ozon en (iv) zure regen en troposferische ozon hebben 
negatieve effecten op dezelfde ecosystemen. Het ligt dan ook voor de hand de beide 
milieuproblemen in onderlinge samenhang te onderzoeken. 
Aangezien vraagstukken rond zure regen en troposferische ozon een 
grensoverschrijdend, internationaal karakter hebben, is internationale samenwerking bij 
de ontwikkeling van het milieubeleid noodzakelijk. De noodzaak voor samenwerking 
op supranationaal niveau, bijvoorbeeld in Europa, wordt erkend in de wetenschappelijke 
literatuur maar ook door beleidsmakers en politici in de betrokken landen. Inmiddels is 
binnen Europa sprake van gezamenlijk beleid en onderlinge afspraken gericht op 
reductie van zure regen en vorming van troposferische ozon. De huidige aanpak van 
beide milieuvraagstukken in Europa ondervindt echter op twee punten kritiek: (i) het 
beleid om het probleem van bodemverzuring te verminderen moet op basis van 
dynamische analyses verder ontwikkeld worden en (ii) het beleid moet de vele 
interacties tussen bodemverzuring en troposferische ozon beter in ogenschouw nemen. 
Voor dit onderzoek naar de mogelijke effecten van reductie van zure regen en de 
vorming van troposferische ozon, vormen bovengenoemde twee punten van kritiek op 
het Europees milieubeleid het vertrekpunt. 
De aanpak in dit onderzoek gaat verder dan gangbare methoden die gebaseerd zijn 
op drempelwaardes {critical loads) voor zuurneerslag. (Ik zou als lezer in een zin de 
kritiek op deze methode verwachten). Het doel van dit onderzoek is om de economische 
aspecten van de gecombineerde vermindering van bodemverzuring en troposferische 
ozon te integreren in een dynamische analyse op Europees niveau. 
Het nieuwe van dit onderzoek is de integratie van een dynamisch economisch 
model met een dynamisch bodemverzuringsmodel in een optimaliseringsmodel dat 
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gebruikt kan worden voor beleidsanalyse. In de hierbij gebruikte onderzoeksmethode 
worden dynamische bodemverzuringsprocessen expliciet gemodelleerd. Bovendien 
houden de optimaliseringsmodellen ook rekening met de vele interacties tussen 
verzuring en troposferische ozon en worden milieudoelen geformuleerd op grond van 
meervoudige milieudoelstellingen. De twee belangrijkste methodologische 
gereedschappen zijn dynamische optimalisering en kosteneffectiviteitsanalyse. Deze 
gereedschappen zijn gecombineerd in dynamische optimaliseringsmodellen om 
dynamische kosteneffectieve reductiestrategieën te analyseren en te ontwikkelen. 
Hoofdstuk 2 geeft inzicht in de problematiek met betrekking tot de verzurende 
stoffen zwaveldioxide, stikstofoxides en ammonia en de veroorzakers van 
troposferische ozon, te weten stikstofoxides en vluchtige organische stoffen.. De 
belangrijkste bronnen van vervuiling en de gevolgen voor het milieu worden besproken. 
De niet-lineaire verbanden tussen de concentratie van stikstofoxides en vluchtige 
organische stoffen in de lucht en de vorming van troposferische ozon worden uitgelegd. 
Het Regional Air pollution INformation System (RATNS) model speelt een belangrijke 
rol in de verschillende hoofdstukken van dit proefschrift. Daarom wordt de structuur en 
de werking van het RAINS-model kort besproken. Om een overzicht te krijgen van het 
Europese luchtvervuilingsbeleid van de Economische Commissie voor Europa van de 
Verenigde Naties, wordt een beknopt overzicht gegeven van de uiteenlopende 
protocollen op het gebied van internationale luchtverontreiniging. 
Hoofdstuk 3 laat zien dat een analyse met meerdere vervuilende stoffen en 
meervoudige milieudoelstellingen andere inzichten oplevert dan een benadering waarin 
de luchtvervuilingsproblemen individueel bestudeerd worden en milieudoelstellingen 
voor slechts een milieuthema geformuleerd worden. Om verzuringsproblemen en de 
vorming van troposferische ozon te verminderen wordt gezocht naar kosteneffectieve 
strategieën voor de reductie van de uitstoot van zwaveldioxide, stikstofoxides en 
vluchtige organische stoffen. Modelberekeningen met een twee landenmodel tonen aan 
dat nadelige verbanden bestaan tussen maatregelen gericht op bestrijding van verzuring 
en troposferische ozon. Vermindering van de uitstoot van stikstofoxides, een verzurende 
stof, kan leiden tot verhoogde niveaus van troposferische ozon. Dit wijst op de 
noodzaak van extra vermindering van uitstoot van vluchtige organische stoffen om 
vorming van troposferische ozon tegen te gaan. De vermindering van uitstoot van 
stikstofoxides gericht op verlaging van troposferische ozonniveaus, is het meest 
effectief in landen waar de concentratie van stikstofoxides in de lucht relatief laag is. De 
modelberekeningen wijzen er op dat een simultane analyse van de kosteneffectieve 
emissiereductie van zwaveldioxide, stikstofoxides en vluchtige organische stoffen om 
verzuring en troposferische ozon te verminderen een beter inzicht in de complexe 
wisselwerkingen en onderlinge samenhang oplevert. Met een simultane analyse kunnen 
uiteenlopende beleidsopties zorgvuldiger tegen elkaar afgewogen worden. 
Hoofdstuk 4 analyseert de economische aspecten van de dynamiek in 
bodemverzuring. Uitgelegd wordt hoe dynamische bodemverzuringsprocessen kunnen 
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worden geïntegreerd in een dynamisch economisch model. In tegenstelling tot de veel 
gebruikte drempelwaarden (critical loads) voor zuurneerslag, waarin geen directe relatie 
met bodemkwaliteit gelegd kan worden, geeft het modelleren van dynamische 
bodemverzuringsprocessen ook informatie over de verandering van de bodemkwaliteit 
in de tijd. Daarnaast wordt binnen deze dynamische modellen rekening gehouden met 
de tijd die een bodem nodig heeft om te herstellen nadat de bodem eenmaal verzuurd is 
geraakt. Deze extra inzichten in de verandering in de bodemkwaliteit kunnen worden 
egebruikt om kosteneffectiever reductiebeleid te kunnen voeren en de schade aan 
ecosystemen verder te verminderen. 
Modelberekeningen duiden erop dat een hoge rentevoet, hoge marginale kosten 
van emissiereductie en een grote herstelcapaciteit van de bodem leiden tot uitstel van 
emissiereductie. Voor uitstel van emissiereductie zijn diverse oorzaken aan te wijzen. 
Een hoge rentevoet en hoge marginale kosten van emissiereductie maken maatregelen 
gericht op emissiereductie nu relatief duur ten opzichte van emissiereductie in de 
toekomst. Een grote herstelcapaciteit van de bodem maakt het bovendien minder 
noodzakelijk om de emissies van verzurende stoffen snel te verminderen omdat de 
bodem relatief veel zuurneerslag kan absorberen voordat de bodem verzuurt. De mate 
waarin de marginale kosten van emissiereductie toenemen met hogere reductie niveaus 
heeft invloed op de verdeling van emissiereductie in de tijd. Indien de marginale 
reductiekosten snel toenemen zal de verandering van het reductieniveau in de tijd 
relatief klein zijn. 
De in hoofdstuk 4 gepresenteerde modelberekeningen wijzen op mogelijke 
kostenbesparing indien intertemporele kosteneffectiviteit in ogenschouw wordt 
genomen. De resultaten van ons dynamische model laten ook zien dat zowel vanuit 
economisch als bodemkundig perspectief de huidige beleidsaanpak, die gebaseerd is op 
drempelwaarden voor zuurneerslag, niet optimaal is. 
Hoofdstuk 5 beschrijft een empirische toepassing van een dynamisch 
optimaliseringsmodel waarin een dynamisch bodemverzuringsmodel is geïntegreerd in 
een economisch model. Milieudoelstellingen zijn geformuleerd in termen van 
bodemkwaliteit met als gebruikte indicator de aluminium ionenconcentratie in het 
bodemvocht. Het dynamische optimaliseringsmodel berekent optimale reductieniveaus 
voor zwaveldioxide, stikstofoxides en ammoniak voor elk jaar, gegeven bepaalde 
kwaliteitsdoelstellingen voor de bodem in Ierland en het Verenigd Koninkrijk voor de 
jaren 2010 en later. Milieudoelstellingen zijn geformuleerd in termen van 
bodemkwaliteit. Als indicator voor bodemkwaliteit is de concentratie aluminium ionen 
in het bodemvocht gebruikt. 
Modelresultaten tonen aan dat bij het terugdringen van verzuring, reductie van 
zwaveldioxide kosteneffectiever is dan reductie van stikstofoxides en ammoniak. Dit 
heeft twee oorzaken: (i) de marginale kosten van reductie van zwaveldioxide zijn laag 
ten opzichte van de marginale kosten van reductie van stikstofoxides en ammoniak en 
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(ii) de reductie van zwaveldioxide in fysieke termen is effectiever dan reductie 
stikstofoxides en ammoniak. 
Hoofdstuk 6 analyseert het huidige Europese verzuringsbeleid via een aantal 
scenario-analyses en optimalisermgsberekeningen. In deze empirische toepassing van 
een geïntegreerd economisch model met een dynamische bodemverzuringsmodel op 
Europese schaal, worden optimale emissiereductiepaden berekend, gegeven bepaalde 
doelstellingen voor bodemkwaliteit. 
In de optimale strategie, waarin de Europese landen samenwerken om tegen zo 
laag mogelijk kosten een gegeven doelstelling voor bodemkwaliteit te realiseren, 
reduceren de landen in Centraal Europa verhoudingsgewijs het meest. Reductie van 
emissie in Scandinavische landen en in landen in het oosten van Europa is minder 
kosteneffectief en daarom zijn de reductieniveaus daar lager. De reductieniveaus voor 
ammoniak zijn laag omdat ammoniakreductie minder kosteneffectief is dan de reductie 
van zwaveldioxide en stikstofoxides. Milieudoelstellingen voor eutrofiëring kunnen niet 
in het model worden opgenomen omdat in het bodemverzuringsmodel alleen 
verzuringsprocessen worden gemodelleerd. Reductie van de uitstoot van ammoniak zou 
waarschijnlijk kosteneffectiever worden als doelstellingen voor eutrofiëring opgenomen 
zouden worden in het model. 
De optimaliseringsberekeningen met het model laten ook zien dat relatief hoge 
reductieniveaus noodzakelijk zijn om bepaalde kwaliteitsdoelstelling voor de bodem te 
halen. Als deze doelstellingen bereikt zijn dan voldoen lagere reductieniveaus om de 
bodemkwaliteit te behouden. Door de hoge doelstellingen voor bodemkwaliteit en de 
relatief korte periode (1990 tot 2010)waarin deze behaald moeten worden zijn zeer hoge 
reductieniveaus noodzakelijk met zeer hoge reductiekosten. Lagere doelstellingen voor 
bodemkwaliteit kunnen tegen aanzienlijk lagere reductiekosten gerealiseerd worden. 
Als bodems langer de tijd krijgen om te herstellen van verzuring en dus meer tijd 
hebben om de gewenste bodemkwaliteit te bereiken, dan zijn de kosten van 
emissiereductie eveneens lager. 
In de protocollen van de Economische Commissie voor Europa van de Verenigde 
Naties leggen de aangesloten landen afspraken vast om emissies van luchtvervuilende 
stoffen te verminderen. Doelstellingen in de protocollen zijn vaak gebaseerd op het 
bereiken van bepaalde drempelwaarden voor zuurdepositie in een bepaald jaar, vaak 
2010. Berekeningen met dit optimaliseringsmodel tonen aan dat de meest recente 
afspraken over vermindering van de uitstoot van verzurende stoffen, vastgelegd in het 
Protocol to Abate Acidification, Eutrophication and Ground-Level Ozone, onvoldoende 
zijn om het probleem van verzuurde bodems in Europa op te lossen. 
Bovendien laten berekeningen zien dat de uit het protocol voortvloeiende 
bodemkwaliteit als gevolg van de afgesproken emissiereductie, tegen veel lagere kosten 
gerealiseerd kan worden. Op Europees niveau kan een kostenbesparing van 50% 
gerealiseerd worden, ten opzichte van de reductiekosten die voortvloeien uit de huidige 
208 
Samenvatting 
en voorgenomen reductiemaatregelen in Europees verband en dan kan dezelfde of 
betere bodemkwaliteit gerealiseerd worden. 
Een belangrijk kanttekening is dat het dynamische model geen rekening houdt met 
milieudoelstellingen op het gebied van troposferische ozon en eutrofiëring. Hierdoor 
geeft het model voorkeur aan relatief goedkope reductie van emissie van zwaveloxide in 
plaats van de dure reductie van emissie van stikstofoxides en ammoniak. Indien deze 
extra milieudoelstellingen in het model opgenomen zouden worden, dan zijn de totale 
reductiekosten vermoedelijk hoger en valt de kostenbesparing ten opzichte van het 
huidige pakket aan maatregelen lager uit. 
Hoofdstuk 7 analyseert de samenhang tussen maatregelen gericht op vermindering 
van verzuring en op vermindering van troposferische ozon inclusief de dynamische 
processen van bodemverzuring in een optimal control framework. Optimal control is 
een methode die gebruikt kan worden om tot optimale beslissingen te komen voor 
problemen die zich uitstrekken over meer tijdsperiodes. 
Emissiereductie van vluchtige organische stoffen leidt altijd tot verminderde 
troposferische ozonvorrning en heeft nooit nadelige effecten op het verzuringsprobleem. 
Zo eenvoudig is het echter niet voor alle stoffen. In een wiskundige analyse wordt 
aangetoond dat een vermindering van de uitstoot van stikstofoxides, om veiYuring te 
verminderen, in sommige gevallen kan leiden tot hogere en in andere gevallen tot lagere 
concentraties troposferische ozon. Of een verminderde uitstoot van stikstofoxide leidt 
tot een verhoging of een verlaging van troposferische ozon, hangt af van de verhouding 
tussen stikstofoxides en vluchtige organische stoffen in de lucht. Deze verhouding is 
anders in verschillende landen of regio's in Europa. Globaal kunnen drie groepen 
landen worden onderscheiden. In de eerste groep landen zal een vermindering van de 
uitstoot van stikstofoxides leiden tot een lagere concentratie van troposferische ozon en 
daardoor ook tot minder milieuschade. In deze situatie zal een model waarin alleen 
verzuringsdoelstellingen zijn geformuleerd het optimale niveau van emissiereductie 
onderschatten. Voor de tweede groep, landen waar een vermindering van de uitstoot van 
stikstofoxides resulteert in een verhoging van ozonconcentraties in de troposfeer, ligt dit 
anders. Het tegengestelde effect van reductie van stikstofoxide en verhoging van 
ozonconcentratie verlaagt de optimale niveaus van emissiereductie van stikstofoxides. 
Dit lijkt weliswaar economisch efficiënt, maar de uiteindelijke behaalde kwaliteitswinst 
voor het milieu is lager dan in een benadering waarin alleen verzuringsdoelstellingen 
geformuleerd zijn. Voor de derde groep landen is het onduidelijk wat het effect van een 
verlaging van de uitstoot van stikstofoxides op de troposferische ozonconcentraties is. 
Reductie van stikstofoxides kan in deze groep landen zowel tot verlaging als verhoging 
van troposferische ozonconcentraties leiden. De wederzijdse beïnvloeding blijft 
onduidelijk en meer onderzoek is noodzakelijk om beter inzicht te kunnen krijgen. 
Hoofdstuk 8 presenteert een computermodel waarmee de synergie-effecten tussen 
het verzurings- en ozonprobleem in kwantitatieve termen worden beschreven. In dit 
hoofstuk worden berekeningen uitgevoerd met een voorraad-stroommodel waarin 
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bodemverzuring gemodelleerd wordt als een voorraadgrootheid en troposferische ozon 
als een stroom grootheid. Het model grijpt terug op een sterk vereenvoudigd twee 
landenmodel met fictieve data. Toepassing van dit model op basis van empirische 
gegevens op Europees niveau is te complex om te behandelen in dit proefschrift en te 
bewerkelijk gelet op de computercapaciteit die momenteel beschikbaar is. 
Aangezien het om een sterk vereenvoudigd model gaat, zonder toepassing op 
Europees niveau, is het moeilijk om harde conclusies te formuleren. De modelresultaten 
laten echter zien dat positieve en negatieve synergie-effecten bestaan tussen 
maatregelen gericht op reductievan de uitstoot van verzurende stoffen en van de uitstoot 
van stoffen die de vorming van troposferische ozon verminderen. Indien het probleem 
van verzuring wordt aangepakt door de uitstoot van stikstofoxides omlaag te brengen 
dan zijn vaak extra maatregelen voor de reductie van vluchtige organische verbindingen 
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